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NOMENCLATURE
Symbols given to quantities in order of magnitude
analysis (See Appendix A).

Symbols given to quantities in chemical equilibrium
equations (See Chapter III)

Sonic velocity in product gases, ft/sec.
Specific heat at constant pressure, cal/gm mol °K

Denominator in mole fraction error equations (See
Appendix D).

Molar ratio of O2 to H2 in initial gas mixture.
Fugacity

Sensible enthalpy of product at T2 above enthalpy at
o
0°K, cal/gm mol.

Sensible enthalpy of reactant at Tl above enthalpy at
0°K, eal/gm mol.

Enthalpy of formation of product at 0°K, cal/gm mol.
Total enthalpy, cal/gm.

Fugacity chemical equilibrium constant.
Pressure chemical equilibrium constant.
Ratio of fugacity coefficients.

Mach number (moving wave reference system).
Molecular weight.

Property in error.

Number of moles.

Order of magnitude operator.

Pressure, psia or atmospheres.

Partial pressure, psia or atmospheres.
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R Universal gas constant.

s Slope on u; vs (xHE)l plot.

T Temperature, °K.

ul Particle velocity of gas in state 1 in standing wave
reference system = detonation wave velocity, ft/sec.

Uo Particle velocity of gas in state 2 in standing wave
reference system = ao, ft/sec.

u& Detonation wave velocity in moving wave reference

system, ft/sec.

u! Reflected wave velocity in moving wave reference
system, ft/sec.

u! Particle velocity of gas in state 1 in moving wave
reference system, ft/sec.

ué Particle velocity of gas in state 2 in moving wave
reference system, ft/sec.

u! Particle velocity of gas in state 3 (after wave reflec-
3 tion) in moving wave reference system, ft/sec.

W, X, ¥, Z Arbitrary variasbles in discussion of interpolation and
error equations.

X p Mole fraction of a reactant or product.
)
Z) o Compressibility factor.
)
GREEK LETTERS
7 Ratio of specific heat at constant pressure to specific

heat at constant volume.

A Difference operator.

) Tube diameter, inches.

) - Partial differential operator.

€ Error between calculated and assumed final temperatures.
v Fugacity coefficient.



I Interpolation factor.

p _ Density

z Summation operator.
SUBSCGRIPTS

1 State 1 (Reactants).

2 State 2 (Products).

3 State 3 (After wave reflection).

ACT 'Actual

AS Assumed

CAIC Calculated

CORR Corrected

H Atomic hydrogen

H2 Molecular hydrogen

Hx0 Water

n General numerical index

NOM Nominal

0 Atomic oxygen

0o Molecular oxygen

OH Hydroxyl radical

P Any product

R Any reactant

W Reflected wave

T Total

w Incident wave

Note: 'The subscripts 1, 2, 3, and 4 have also been used in defined places

as distinguishing indeces on Kp, K¢, K,, €, I, Tp, 7o, and my. Subscripts
1, 2, and 3 refer to the state unless otherwise defined.
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I. INTRODUCTION

The Detonative Phenomena

Two types of gaseous combustion are normally encountered. In
the first type, called deflagration, the rate of propagation is controlled
by molecular transport phenomena, diffusion and/or thermal conductivity,
and for this reason is ordinarily rather slow, (of the order of a few
feet per second). If a deflagration is initiated‘in a tube, under the
proper conditions and after a suitable induction distance, a shock wave
traveling at supersonic velocity, and having sufficient strength to
ignite the combustible mixture may develop ahead of the flame front.

The region immediately behind the shock wave then becomes the zone of
combustion. This supersonic wave followed by combustion is known as a
detonation wave. The shock wave develops due to the piston action of
the expanding products of combustion, which send out pressure pulses
ahead of the flame front. Each sonic pulse must travel faster than the
preceding one due to increased temperature and particle velocity of the
unburned gases and thus they may eventually coalesce into a shock front
of sufficient strength to ignite the mixture. A possible mechanism for
the transition from deflagration to detonation has been proposed Qy
Zeldovich(ul).

Detonative combustion eventually becomes a stable situation
whereby & shock wave initiates combustion, and the realization of the
combustion contributes energy for the continued propagation of the shock

wave. .
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History
A detailed history of the development of the theory of

detonation waves will not'be presented here since such references as
(20) and (26) have, in describing the phenomena, included rather com-
plete chronologies.

The history is highlighted by the discovery of the detonative
phenomena by Berthelot and.Vieile£3) and by Mallard and Le Chatelier(27)
in 1881, the development of the correct pressure-volume relationships
to be used for strong shock waves by Rankine(36) in 1870 and Hugoniot(l9)
in 1889, and the suggestion and utilization of the fact that the detona-
tion wave moves at the speed of sound relative to the burned gases by
Dixon'® in 1893, chapman(®) in 1890, and Jouguet(®) in 1%05. This
assumption has been Jjustified in various ways by Jouguet<21), Becker(l),
Scorah(57), and Brinkley and Kirkwood(5).

Numerical calculations, refinements of the hydrodynamic theory,
and unique forms of the equations have been made by meny investigators
ineluding references 7, 9, 10, 11, 22, 29, 30, 39.

Excellent agreement between velocities computed from the hydro-
dynamic theory and experimentally measured velocities has been found by
Lewis and Friauf(25), Berets, Greene, and Kistiakowsky(z), Moyle and

Churchill(3l) and by many of the investigators listed immediately above.

Purpose of the Investigation

Until recently, the hydrodynamic theory has not been tested and
dgtonation properties have not been determined throughout very wide ranges

of initial temperature.and pressure. Dixon(a) measured detonation velocities



in stoichiometric mixtures of Hy-0, at 10°C and 100°C over a pressure
range from 200 to 1500 mm Hg. Moyle and Churchill(3l) measured and
calculated detonation velocities over a temperature range from 160 to
480°K, & pressure range from 0.5 to 2 atm, and a composition range from
0.25 to 0.78 mole fraction hydrogen in H,-0, mixtures, for various tube
diameters. Hoelzer and Stobaugh(IS) measured'detonation velocities in
hydrogen-oxygen mixtures and ethane-oxygen mixtures over a pressure
range from 1 to 10 atm for several compositions. The effect of temper-
ature and pressure on detonation induction distances were measured by
rareitte ®3) and Dumanois and Lefitte(24) respectively.

What should by the effect of increasing the initial pressure
on the detonation velocity? As was stated in the description of the
detonative phenomena, not only does the existence of the supersonic com-
bustion depend upon the existence of the shock wave, but also the stable
propagation of the shock wave depends upon the presence of the combustion
following it. This is true in a quantitative sense, i.e., the velocity
of the wave depends upon the energy released in the combustion. Thus,
for a given mixture, anything done to increase the energy available for
the propagation of the wave should increase the wave velocity. One way
'to accomplish this increased "available" energy would be to decréase
the amount of dissociation (an endothermic process) in the products of
combustion by increasing the final pressure. If the ratio of final to
initial pressure does not change too much due to a change in the detona-
tion velocity (this dependence will be seen further on in the text),

the final pressure should be increased by increasing the initial pressure.



Therefore an increase in initial pressure can be expected to cause an
increase in detonation velocity.

The main purpose of this work was to investigate the effect
of initial pressure on the velocity of detonation of hydrogen-oxygen
mixtures, and 0 investigate the reliability of the hydrodynamic theory
of detonation over a wide range of initial pressures and compositions.

Detonation wave impact pressures are computed for design purposes.



II. EXPERIMENTAL EQUIPMENT

Equipment Location

The apparatus was built at the University of Michigan Aircraft
Propulsion Laboratory in a test cell isolated from the rest of the labor-
atory area by a one foot thick poured concrete wall (See Figure 1). The
test cell contains a concrete lined pit at its center, 11 ft. deep, 6 ft.
wide, and 6 ft. long. The equipment was contained in this pit. All
operating controls were located in the laboratory area, beyond the pro-
tecting wall. Valwes were operated by means of "push-pull" flexible
controls and a lever system on the valves. Pressure gages, located near
the pit bottom, were read by means of a mirror system and telescope and

viewed through a bullet proof plate glass window in the protecting wall.

Description of System and Procedure

Experimental Procedure

A schematic diagram of the system is shown in Figure 2. The
pressurizing tube was evacuated, flushed with hydrogen, evacuated, and
then filled with hydrogen to the desired partial pressure. Oxygen was
then admitted to the desired pressure and the gases were allowed to mix
'for a few hours. Oxygen was admitted last to take.advantage of the
gravitational mixing due to density differenge. To ensure that the time
allowed for mixing was sufficient, the detonation velocity of thé first
batch was measured after 2 and 5 hours of mixing. No difference in
results was observed. After the gases were mixed, the detonation tube

<

was evacuated, flushed with mixture, evacuated, and filled with mixture

5=
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to the desired pressure. If the desired pressure was less than the
pressure in the pressurizing tube, hydraulic fluid* was forced'up through
the bottom of the pressurizing tube by means of a 10,000 lb/sq in. pres-
sure tester, to compress the gas in the system to the desired pressure.
The valves to the detonation tube and pressurizing tube were closed

and the lines between the tubes evacuated to guard against igniting

the gas in the pressurizing tube by shock through the valves. The gas
in the detonation tube was ignited at the bottom by a hot wire and the
detonation wave velocity determined by measuring the time required for
the wave to pass between two ionization probes, spaced a known distance
apart, at the top of the tube. The detonation was allowed to burst a
brass diaphragm at the top of the tube whose bursting pressure was
slightly above the initial pressire, in order to minimize the strength
of the reflected shock wave.

This procedure was repeated until the gas in the pressurizing
tube was nearly exhausted. A sample was then drawn from the pressurizing
tube to be analyzed and the hydraulic fluid forced by nitrogen pressure
out of the tube and back into the pump resevoir. The analysis was necess-
ary, since the composition was only approximately known from the partial-
pressure charging technique.

The analyses were made by absorbing the oxygen from a sample
in a solution of alkaline pyrogallol and measuring the volumetric loss
at constant pressure. Three analyses were made for each sample and the
arithmetic average used as the correct one. The analyzing apparatus was

periodically checked by analyzing a sample of air and was considered to

* Shell Irus Fluid 902, a fire-resistant hydraulic fluid containing
32-37% water in emulsion.



be operating correctly when it indicated 0.210 + 0.002 as the mole

fraction of oxygen in air.

The Detonation Tube

Since it was not known at the beginning of the experiment
what the highest initial pressures would be, the detonation tube was
designed with the assumption that the initial pressure would get as
high as the pressure pump rating (l0,000 lb/sq in.). With this initial
pressure, a pressure rise across the detonation wave of 20 to 1, and a
slight multiplication of pressure due to the reflected wave (even with
a blow-off diaphram in the end of the tube), the maximum pressure in
the tube could be expected to approach a quarter of a million psi.
Thick walled tube theory predicts(3h) that the maximum pressure an
unstressed single tube will contain is the tensile strnegth of the
materiasl in lb/sq in. Since stainless steel was selected as the tube
material, for corrosion and rust resistance, this would mean that a
tube with infinite outside to inside diamster ratid could be expected
to fail at less than 100,000 1b/sq in. However, Bridgman(h) found that
for very thick walled tubes, this upper limit could be multiplied by
2 or 3. Also, since the meximum pressures would exist for very short
fimes, the inertia of the mass of metal surrounding the bore of a very
thick walled tube was depended upon to boost the upper pressure limit
somewhat., The system was located as described previously in case the
above mentioned assumptions were not valid. These ideas were considered
inAdesigning the detonation tube. As it hapggned, the tube was only re-

quired to hold some 70,000 1b/sq in.
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The detonation tube (Figure 3) was fabricated from a length
of stainless steel rod, 7 ft. long and 4 in. in diameter. A 1/2 in.
hole was drilled lengthwise through its center, yielding a tube with
an outside to inside diameter ratio of 8. Five receptacle taps were
machined in the wall of the tube, one near one end for receiving the
ignitor wire fitting, and four near the other end for receiving two
ionization probes at various spacing, and a thermocouple.

The end near the ignitor receptacle was machined to receive
a fitting to which was attached a 150,000 lb/sq in. rated valve for
closing the detonation tube off from the rest of the system during high
pressure ignition. The other end was machined to receive a cap whose
purpose was to retain a blowoff diaphragm which was replaced after each
detonation. A photograph of the detonation tube and cap is shown in

Figure 4,

The Pressurizing Tube

The pressurizing tube (Figure 5) was fabricated from a length
of 2 1/2 in. double extra heavy steel pipe, 8 ft. long, 2 7/8 in. in
outside diemeter, and 1 3/4 in. in inside diameter. Ome end was fitted
to connect directly to the hydraulic fluid line. The other end was
fitted with a cap similar in design to the one on the detonation tube
for retaining a safety blow-off diaphragm. Several holes were tapped
into the wall near each end. At the diaphragm end, one hole was made
for the gas inlet-outlet line, and one for a thermocouple (so that too-
rapid compression, with subsequent temperature rise, could be avoided).

Three more holes at this end and three at the other end were mede for
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Figure 4. Photograph of Detonation Tube and Cap
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mounting the fluid level indicators. In order to ensure that the hydraulic
fluid did not get below the tube bottom, which might allow gas to leak out
through the check valve, or above the gas outlet, in which case fluid
would flood the system, special high pressure level indicators (Figure 6)
were fabricated and mounted near the top (below the gas port) and near

the bottom (above the hydraulic fluid port).

SIGNAL LAMP

UNFLOATED POSITION FOR TOP FLOAT,
FLUID AT FLOAT LEVEL BREAKS CONTACT

6 V. BATTERY

CONTACT ROD (INSULATED FROM GROUND)

“\\\—
SPRING STEEL STRIP \ UNFLOATED POSITION FOR BOTTOM FLOAT,

AXLE (CONNECTED TO GROUND)\ \ FLUID AT FLOAT LEVEL MAKES CONTACT

LEAD \ALUMINUM

CENTER OF GRAVITY

NOTE: DUE TO ITS GREATER VOLUME, ALUMINUM SIDE FLOATS UP WHEN
SUBMERGED IN LIQUID, THIS IS A SOLID FLOAT AND WILL
NOT FAIL AT ANY PRESSURE.

Figure 6. Liquid Level Indicator for Pressurizing Tube.

The indicators were arranged such that signal lights attached to them wer

both 1it when the fluid was between the two levels. If the fluid rose



above the upper level, or fell below the lower ievel, the indicated
signal light would go out, and the situation could be remedied. A

photograph of the pressurizing tube and cap is shown in Figure 7.

The ionization probes designed for high pressure application
are shown in Figure 8. These probes were mounted in the detonation
tube wall and pressure sealed by means of Bridgman(u) "unsupported area"
packings. With this type of packing, an increase in pressure results
automatically in an increase in sealing compression so that leakage
cannot occur and failure occurs only when the pressure is high enough
to cause the packing material to pinch off the tube. The same principle
was used to seal the electrode within the probe, but the design is more
complex here because the electrode must be‘insulated from the tube wall
(ground) as well as sealed against leaks.

The ignitor and thermocouple (Figures 9 and 10) were similarly
designed using the unsupported ares packing and were mounted in the
detonation tube wall in the same way. The connector between the detona-
tion tube and heavy valve (Figure 11) was mounted in a similar fashion.
The entire system, with the exception of low pressure gages, was p;essure

checked to 10,000 lb/sq in. abs and all probes and connectors were deter-

mined to be sealed against leaks at this pressure.

Velocity Measuring Equipment

The two ionization probes were mounted in the receptacles spaced

furthest from each other at the diaphragm end of the detonation tube,
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Figure 7. Photograph of Pressurizing Tube and Cap



=17~

ATquessy 99qO0Xg UOT3BZTUOT °Q 2InSTJg

(114 dINS) ONIY NOT43L (L4 dINS) ¥3HSYM 133LS LS

8
gz
9l
)
9l
z
9l v I 8 8 2 )
€ T T € S T T
aoy  onizvyg £ s 53 ) 2 *
1.41_ ﬁﬂl ~ ! aoy onigTam %
HLMW/ﬂﬂﬂ/ \&mmv. —— *
- &Mc_ / o _ Bl—
(ONDOVd 43LVINSNI
— NO NOISS34dWOD TIVILINI

g ¢
3408 4 onEn

i
\ \\\\/§N\\k\\\\\ 7 . -
W// S31V3YI) LINN dN-Mvaa
s / / M3¥OS L3S 2 ON
dvo & vOIN _8
ansi-§ Y
ANgz-£
430708 ¥3IATS 3aM £ di¥9 HONIHM 04 LND  LV74 !
u3gany (L4 334¥4) M3¥0S ¥3NIVLIY 1331S IS 10N X3H aNsz-F
vom L 1331sus ¥ Vo
q331s

iNgz-¥

ONIY ¥3NIVLIY 7331S 1S



-18-

DRAWING IDENTICAL WITH IONIZATION HOLE FOR WIRE

PROBE FROM THIS POINT ON.
WIRE TWISTED ON

IGNITOR WIRE,
' ' 00179" CHROMEL
WIRE .
¢ q
mh
| 3
. :_% —2 HOLE AND NOTCH
TO ACCOMODATE
WIRE.

NOTE: ALL DETAILS AND DIMENSIONS IDENTICAL WITH THOSE
OF IONIZATION PROBE, EXCEPT AS INDICATED.

Figure 9. Ignitor Assembly



!

DRAWING IDENTICAL WITH IONIZATION PROBE FROM THIS
POINT ON, EXCEPT THAT WIRES SECURED TO DRAW-UP
NIT BY SQUARE KNOT OVER DOUBLE HOLE

INSTEAD OF BY SET SCREW.

THERMOCOUPLE WIRES
INSULATED FROM THIS
POINT BACK TO LEFT.

THERMOCOUPLE
JUNCTION.

N

= 'j\\\\\\\\‘/" g /

M T N

NOTE. ALL DETAILS AND DIMENSIONS IDENTICAL WITH THOSE
OF IONIZATION PROBE, EXCEPT AS INDICATED.

Figure 10. Thermocouple Assembly.
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creating a distance of 18 in. betweenrthem. For a few runs, the probe
nearest the ignitor was moved up to the next receptacle so that the
spacing was 12 in. and the distance from the ignitor to the first probe
was 6 in. greater. This was done to ensure that the defonation wave had
developed fully by the time it reached the first probe. When no sign-
ificant difference in detonation velocity was detected by doing this,
it was assumed that the wave had developed before reachiﬁg the first
probe, and the probe was moved back to its original position for maxi-
mum probe spacing. Further confidence that the wave had developed fully
before reaching the first probe is gained from data given in Reference
(12) which indicates that probably (although no data is given for this
particular tube dismeter) the wave develops in less than two feet from
the point of ignition.

The detonation wave induction distance is also dependent upon
initial pressure. Data by Dumanois and Laffitte(zl‘) for a stoichiometric

hydrogen-oxygen mixture in a 25 mm tube is reproduced below in Table I.

TABLE I.

THE EFFECT OF INITIAL PRESSURE ON DETONATION
INDUCTION DISTANCE

Initial Pressure, atm Induction Distance, cm

70
60
52
L
35
30
5 2T

oo\ FWwW o H
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Since detonation is more easily set up in smaller than
larger diameter tubes(26), no difficulty was expected with this system
for stoichiometric mixtures, even at the lowest pressure (1 atm). How-
ever, difficulty was experienced in obtaining consistent data for the
rich mixtures‘at the lower pressures. This is attributed to the possi-
bility that under these conditions, the wave had not developed before
reaching the first probe, which is reasonable in view of the fact that

the induction distance for the stoichiometric mixture at 1 atm is

approaching the distance allotted between the ignitor and the first

probe (58 in.). This is discussed more fully in Chapter VI.

The detonation velocity was measured as follows (Figure 12):

A positive potential was placed on the anodes of the thyratron tubes.

90 vDC

I

#8884 T

x

YRATRON

2.7 MEG-N. POT. 2.7 MEG-.n POT.

0.55MEG-N 0.55 MEG-
11} _J_ 1]
. q S =

S g

S o |

o Y
= - 110 VA

- )
/ INTERVAL =
/ TIMER \ o

IST ION. PROBE GAP / = 2 ND ION. PROBE GAP
START INPUT STOP INPUT 6V TRANSFORMER

Figure 12. Timing Circuitry.



A negetive potential Jjust sufficient to prevent the tubes from firing
was placed on the grids of the thyratrons, Each grid was also connected
to the electrode of one of the ionization probes. The cathodes of the
thyratroné were connected to the start and stop jacks respectively, of
the interval timer. The detonation wave, passing over the first probe,
ionized the geas near the probe gap allowing a current to flow across

the gap. This caused the voltage on the grid of the first thyratron

to be decreased enough to allow that thyratron to fire. The resultant
current pulse caused the start circuit in the timer to be activated.

The detonation wave passing over the second probe caused the second
thyratron to fire activating the stop circuit in the timer. The timer
now displayed a time interval which indicated the time necessary for the
wave to pass between the probes. Dividing the probe spacing by this time
yielded wave velocity directly. The timer used was a Hewlett-Packard
Electronic Counter Model 524B with a Time Interval Unit Model 526B.

This timer registers time intervals down to 0.1l microsecond with an
accuracy of + 0.1 microsecond. Intervals measured were of the order

of 100 or 200 microseconds. The 100 kilocycle oscillator on the timer
was standardized by beating the output againsﬁ a frequency of th? Nation-
al Bureau of Standards radio station WWV, the crystal being adjusted until

zero beat was obtained.






III. PREDICTION OF DETONATION VELOCITIES,
PRESSURES, AND TEMPERATURES

The Hydrodynamic Equations

For the situation of a detonation wave moving along a tube,
the tube wall is stationary, the wave ﬁas a velocity u, the unburned
gases have a velocity ui = 0, and the products of combustion have a
velocity ué, all primed velocities being taken with respect to the tube
wal;. The mathematical analysis of the system is simplified consider-
ably if a transformation of velocity co-ordinates is performed such
that all velocities are taken with respect to the detonation wave.

Consider the system shown in Figure 13. The vertical line represents

REACTION

| /—DETONATION WAVE
U, o,

—— ]

(@ UNBURNED GAS ® BURNED PRODUCTS

Figure 13. Schematic of Standing Detonation
Wave Reference System.
a detonation wave or shock wave with heat addition (the "heat" being
- provided by the exothermic chemical reaction). In the standing wave
co-ordinate system, the wave has zero velocity, the unburned gases enter

<

the wave with velocity ul,%%nd,the products of combustion leave the wave

-25-



with velocity Uy, unprimed velocities being taken with respect to the
detonation wave. It is apparent that the two velocity co-ordinate systems
are connected by the relationships: u; = -u& (for ui =0) and u, = u/ -u&.

Lewis and Von Elbe(26) have reproduced arguments that the vel-
ocity of the detonation wave relative to the burned gases, is usually equal
to_the speed of sound in the burned gases in state 2. This condition is
known as the Chapman-Jouguet condition. State 2 is then defined as that
state wherein the products of combustion are in chemical equilibrium and
moving at the local speed of sound relative to the detonation wave. The
assumption of chemical equilibrium at the Chapman-Jouguet plane is usual-
1y made and velocities calculated on this basis are found to agree with
experiment better than velocities calculated assuming complete reaction
(22, 25, 42).

If it is assumed that molecular diffusion, viscous, and thermal

(30)

conductivity terms are negligible , four equations may be written re-
lating state 1 and state 2, without a consideration of the process by

which the change took place:

Piu = Poly (Conservation of mass) (1)
2 _ I
P+ pjus = P+ pouj (Conservation of momentum) (2)
u2 u2
b+ L = hy4 22 (Conservation of energy) (3)
2 2
P = E%?z (Equation of state) (%)

These equations are developed from the viewpoint of one who
is stationed on the wave watching gas in state 1 enter and gas in state
2 leave the wave. The situation is the same if the observer watches the

wave move into the unburned gas. The gas in state 1 1s then stationary,



the wave moves to the left with a velocity uj = -u;, and the gas in state
2 moves to the left with a velocity'ué = Uy Uy If all velocities are
taken relative to the wave, u; is then the detonation velocity and u,
is the local speed of sound in state 2.

Equations (1), (2), (3), and (4), are manipulated (see Appendix
A) to yield thé following equations relating the two states. The form

of these equations is designed for ease in handling this particular

problem.
4h ﬂTl 2 mpyo
Tp = (R YT ) T+ 220) % (5)
2
N P I CR P _1_'11] (6)
1 2 mns7 5 my
2
B [l Saen o

and by definition:

Ah = ;lg [%‘ Xp (u&2 - B)p + § Xp (AH%)P} - f‘%f § xR (1151-_ B)R
| (8)

In order to determine ui, T2 must be determined, but T, de-
pends directly upon Ah which in turn depends upon the chemical composi-
tion of the products of combustion. Since the composition of the, products
of combustion is a function of I, (the equilibrium constants vary with TQ),
the procedure for computing U is apparent. The temperature must be
determined by a simultaneous solution between Equation (5) and the equa-
tions of chemical equilibrium. This temperature, along with mp and 7,
which are knewn once the p;oduct composition is known, are used in Equa-

tion (6) to determine uj. Since Py will finally be the main independent



variable in the presentation of results, it is not necessary to "aim
for" a particular value of Py, L., P2 may be fixed in the equilibrium
calculations and a lengbthy successive approximaetion computation is
eliminated. Then Pl may be explicitly obtained from Equation (7).

If it were necessary to obtain a solution for a particular Pl’ then P2
would have to be assumed and the temperature - composition calculations

adjusted till the desired Pl was obtained.

The Chemical Equilibrium Equations

In calculating the composition of the products of combustion,
it is first necessary to determine what chemical products will be pre-
sent. It is assumed that six chemical species are present: H,, 05, HJO,
H, 0, and OH. The equilibrium constant for the decomposition of ozone
is so large compared to the other conétants that ozone is not considered
as being present in the product gases. The chemical equilibrium equa-

tions relating the specles are:

B0 2H, + 1/2 0, (9)

H0 €1/2 Hy + OH (10)
1/2 B, B : (11)
1/2 0, @0 (12)

The fugacities of the six compoments are related by the

equilibrium constants as follows:

£1/2

f
H0
2
flli/ fOH
Kep = (14)

ngO



1/2 (15)

Kfl} = T/ (16)

1/2 1/2
VY0 X, %o 1/2
Ky = 2% . F2Oe gHR (17)
VH20 XH2O
2
VH:ZQVOH _ xﬁ’é oH  1/2
Keo = — —— 2 = Kokp (18)
"H20 *H,0
VH . Xy 1/2
3 - 1/2 1/2 2 5 (19)
g4 “H,
v X 1/2
. = 20 ) p - 20
th , 1/2 . 1/2 2 thfh (20)
05 0,

Mass balance equations may be written for H, and 0,:

2(n02)l (2n02 + ng + nH2O + nOH)2 (21)

i}

2(nH2)l

(2nH2 +o o+ EnHeo + nOH)2 (22)

Equations (17)-(22) are sufficient to determine the mole fraction of
the six product components as functions of T2, P2 and initial composition.
These six equations were manipulated (see Appendix B) to reduce them to

two‘équations in two unknowns, with the other four unknowns appearing as



explicit functions of those two (the subscripts denoting state 2 have

been dropped from the x's):

*H20 e

1
I~
—
1
®
+

2 Ve O a0 | (23

X o = %? {} h + vhe + ucF(exH2 + d);} (24)

X, - C HEO) (25)
ey - KP2 (}%0) (26)

Kps 1/2
X = ﬁf xﬂi (27)
% ) KP;ZPM CE?) (28)
where:
e=a+b+1 | (29)
g =F(b + 2) (30)
h=e-g (31)
a = KpyKpi,/Poxy, (32)
b = Kpo APy @2 (33)
¢ = 2K§l/P2x§2 (34)
a = Kps Vxg, / VP, (35)

In summary, the procedure is to determine the product composi-
tions as a function of Tp, Pp and initial composition by means of Equa-

tions (23) - (28); determine T, at a fixed P, and initial composition by
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means of Equations (5) and (8); and determine u, and P, by means of
1 1

Equations (6) and (7) respectively.

Computer Programming

The chemical equilibrium equations were solved with the use
of an IBM-650 computer. The iteration method developed for these com-
putations is illustrated graphically in Figure 1L4. The program flow-

sheet is éhown in Figure 15.

2,4 587

Xu,0 11

—_—,——————o
_—,— e —
(9
\

I
(NN : '
1
e 1
Lt |
0 025 0375 05 [

X,_|2

Figure 14, Graphical Illustration of Computer
Convergence Technique.

It is clear that the solutién is represented by the intersection of two
curves representing solutions of Equations (23) and (24). The solution
involves coﬁverging on this point by a "half-interval" method, i.e., by
successively cutting in half the interval between two sets of solutions,

given by a "right" apd a "left" difference between (tzO)2 and (XHQO)l’
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(see Figure 15). By the following testing method, it is assured that
the true solution is always within the interval bounded by "left" and

"right". If "left" and "right" differences between (XHQO) and (

xH2O)l

are of the same sign, the intersection is not in the interval. If they

2

are of opposite sign, it is in the interval. This sign is tested by
teking the product of "left" and'"right" differences. The next step in
the program is decided on the basis of'the sign of this product. The
test for convergence is such that there will be a pfe-determined number
of accurate significant figures (in this case 5) in the result regard-
less of decimal point location. A floating decimel point program was
used.

The input datawere fed to the machine on data cards on which
were punched an identification number, initial hydrogen concentration,
Pp, Tp, Kpys Kpos KP}’ and Kp) . The output cards (one for each input
card) had punched on them the identification number, and the mole
fractions of the six product components. The coded program which
operated on the data cards is shown in Appendix C. A description
of the coding symbols and format is given in Reference (38) which
describes the operation of the IBM-650 computer an@ an assembly pfo-
gram allowing the use of a coded alphabetic operational program (Sym-
bolic Optimal Assembly Program II). The reader may follow the program
logic by application of the flowsheet (Figure 15) to Figure 14. Success-
ive steps (values of xH2) are indicated by the numbered vertical lines
iniFigure 14, Recycle loops are indicated by Greek letters on the

flowsheet.



Computational Procedure

The equations and information necessary for the computation
of detonation velocities as a function of initial pressure and mixture
composition are: Equations (5), (6), (7), and (8); product equilibrium
concentration data as a function of final pressure, final temperature,
and initial composition; and enthalpy and specific heat data. The
procedure which first suggests itself is tb employ a successive approxi-
mation ca%culation. This would involve the following steps:

1. Fix initial composition and final pressure.

2. Assume final temperature (T,).

3, Determine product composition from equilibrium data.

4. Determine Ah from Equation (8).

5. Calculate T, from Equation (5).

6. Adjust assumed T, based on step 5.

7. Go back to step 3 and repeat until calculated T2
matches assumed T2.

8. Calculate u, from Equation (6).

9. Calculate P; from Equation (7).
This procedure, on the surface, is straightforward and simple. However,
each time T, is adjusted, temperature interpolations must Ye performed
on the mole fractions, enthalpies, and specific heats of all six com-
ponents, and these new values applied to calculating final molecular
weight, final specific heat ratio, Ah, and T2. Graphical interpola-
tion is ruled out in most cases due to the range of variation of the

‘values of the quantities, linear interpolation sacrifices too much

accuracy, and a more refined mathematical interpolationwould be too



time consuming. Therefore, the following procedure was developed:
1. Fix initial composition and final pressure.

2. Determine product composition from equilibrium
data, Ah from Equation (8), and Tp from Equation
(5) for four assumed T,'s surrounding the expected
T,, for which tabulated data are available.

3. Establish the "error" between the four calculated
To's and the corresponding assumed Té s.

L, Employ a Lagrangian four point interpolation on
these errors to zero error, to determine Ts. (See
development of interpolation equations below.)

5. Use the same interpolation factors to calculate
m, and 7, at the interpolated T,.

6. Calculate u; from Equation (6).
7. Calculate P; from Equation (7).
With this method, tabulated data mpy be used throughout and essentially

only a single interpolation is necessary for each point.

Interpolation Equations

In order to find y at a particular x where there is available

a table of y;, ¥,, etc. corresponding to values of X1, Xo, etc., one

(40)

may apply the Lagrangian interpolation formula , which, for four

points, is:

Y=y [x-xe L XX x-xul] + 3, {x-xl_ o XX3 X=X} ]
xl—x2 Xl-X3 Xl-X4 X2-Xl X2-X5 X2-X)+
(36)
X=X]  X=Xp X=X}, rX=-Xy X=Xo X=Xz
+y p'e p'e + ¥ X X
3 Xz=X) © Xz=Xp T XzeX) X=Xy T X)Xy T X)mXg

This méy be applied to this, case as follows:
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lety = T, ( = final temperature) (37)
% = (T2 carc)n = (T2 assuvEp)n = €n (38)
Yn = (T2 AssuMED)n (39)

Then when T2 = T2, € = 0. This is illustrated graphically in Figure 16

below.

Figure 16. Graphical Illustration of Temperature
Interpolation Technique.

Equation (36) then becomes:

€2 €3 €L | € €3 €y |
T = (T aq) [ x x - (Ts aq) x p'
2 = (T2 ash €xm€)  €37€; € -€; 2 AS/2 [€om€) T €5m€, T €y |
(40)
+ (T, As)j[ - B T R C SR P P L -
€5-€l 65‘62 64-65_ L€)+-€l €)+-€2 Eu-Ej_l



Let:
I, = A (41)
1 (ez-el)(ej-el)(eh-el)
- €1€5€ 42
T2 (62-61)(€3-€2)(€u-€2) (42)
€166,
- 45
H3 (63“€l)(€5'€2)<54'§5) ( )
€ €,€
I = 125 , L)
b (eh'el)(eh-ee)(€h-€5) (
Then:
T, = (Topgh T - (Toag)o T+ (Tp agds Ts - (To pgdy Ty (45)

Also, if (m2)n and (72)n are the values of m, and 7, at (T, pg)ps then

~
no
I

(72)1 I - (72)2 I, + (72)3 I - (72)4 I, (46)

and

m (mp)y Ty - (mp)p My + (mp)3 Iz - (mp)y Ty (47)

In order to ensure that sufficient accuracy was obtained using a four-
point interpolation, a single temperature was computed using a five-point
interpolation. The difference in T, computed was 2°F or roughly 0.05%
error. Thereafter, the four-point method was used. The absence of any
scatter in the points calculated further verifies the accuracy of this

method.

Impact Pressures

When a detonation wave collides with a solid wall, the reflected
wave must travel back through the burned gases which follow the original

. detonation wave. This reflection causes another pressure rise behind the
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reflected shock wave. Much original work on reflection of detonation
waves was done by Morrison(29). An analysis, similar to the following,
was developed by Morrison in unpublished works and was used by Moyle and
Churchill(32) in which initial temperature, rather than initial pressure,
was varied.

To visualize the flow for the case of a reflected wave, it is
easier to consider a moving wave system as opposed to the standing wave
representation outlined above. Figure 17 shows the conditions before
and after impact of the detonation wave. Primes are attached to all
velocities in this analysis to distinguish them from the velocities

described by the standing wave reference system.

BEFORE COLLISION

7%
Up |Uy U0 é
/ /
/
DETONATION WAVE ——
REFLECTED SHOCK — y
7 T /
, Urw P~ UL:0 %

AFTER COLLISION

Figure 17. Schematic of Moving Detonation and Reflected
Wave Reference System.

~ If the two reference systems are compared, it is seen that:



W, o= oy (48)
u's - our o= uy = a, (L9)
w o= 0 (50)
The momentum equation for the moving reflected wave is:
P5 -B = p (uxl'w - ug )(uj' - u2') (51)

where pg(uéw - ué)is the mass intercepted by the wave and'(ué - ué)

is the velocity change across the wave. When the conditions u! =0

3
7P : :
and Py = are introduced, equation (51) becones:
a .
2
5o, <Er_w__'_ié_\ <_ 2) (52)
P, 72 a / &
2 2 2 \
R u
The quantity Zrw Y2 ig defined as M! and -2 is M!. Equation (52)
ap rv ao 2
becomes:
P3
= = - 1 '
2 1- 7M. M (53)

The pressure ratio across any shock wave is:

Pupstream = 27M2 - 7-1 (54)

Pdownstream 7+l AR

where M is the Mach number of the wave relative to the gas which the
wave is entering. For this case, equation (54) may be written:
P5 _ 2y My 7p-1

= = - 55
Py 75+ 1 7ol (55)

P
Equations (53) and (55) were solved simultaneously for 55 with the
2

following result:



-40-

(56)

(57)

(58)



IV. THE EFFECT OF ERRORS IN PRESSURE SENSITIVE
PHYSICAL PROPERTIES ON DETONATION
WAVE VELOCITIES

Data is available for the specific heats(lsx enthalpies(
(17 from 1k4)

18)
)

and equilibrium constants of the six components in the product
gas as a function of temperature at low pressure. However, no data
were located giving the effect of pressure on these properties or on
the compressibility factor and fugacity coefficients at the highest
pressure for which computations were made (2000 atm). High pressure
data which were available did not go to a high enough temperature.
Generalized charts using reduced temperatures and pressures did not
in general go high enough. Therefore, all computations were made using
idealized values for specific heat and enthalpy (temperature dependent
only), fugacity equilibrium constants (temperéture dependent only),i.e.,
fﬁgacity coefficients of unity, and compressibility factors of unity.

In order to determine what errors would be introduced into
the computed detonation velocities by using idealized properties in
the calculations, it was necessﬁry to find total differentials of many
variables in several successive equations, until the error in Uy result-
ing from an error in each property was found. This was done for &
single computed point: the stoichiometric mixture at 2000 atmospheres
final pressure. The development of the general error equations is given

in Appendix D. The results for the above mentioned point are presented

here in Table II.

41-
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TABLE II

THE EFFECT OF PROPERTY ERRORS ON DETONATION VELOCITY

N, Property bu, fu Assumed Max. &uy /uy From
in Error —A_I‘\]VN—J. A N/N Assumed Errors
2, 0.00917 + 0.05 + 0.0005
Zp 0 - 0.10 0
(H@l-H(‘;)H2 - 0.0698 -10.01 + 0.0007
(H% -H8)02 - 0.0355 + 0.10 - 0.00k4
(H;Z-HS)HQ 0.20k - 0.05 - 0.010
(H%g-H°)O2 0.0555 - 0.05 - 0.003
(H%e-HO)H2O 1.41 - 0.01 - 0.01k
(H§2-HO)H 0.0322 - 0.05 - 0.002
(H%g- 3o 0.0177 - 0.05 - 0.0009
(H%2—H8)OH 0.199 - 0.05 - 0.010
Cp &, - 0.00436 - 0.05 + 0.0002
Cp 0, - 0.00115 - 0.05 + 0.00006
Cp B0 - 0.0%01 - 0.05 + 0.002
Cp g - 0.000594 - 0.05 + 0.00003
Cp o - 0.000333 - 0.05 + 0.00002
Cp on : - 0.00412 - 0.05 + Q.0002
15:8 - 0.177 - 0.15 + 0.027
Yo, - 0.0357 - 0.17 + 0.006
VA0 0.324 - 0.15 - 0.049
vy - 0.0962 - 0.15 + 0.01k4
vo - 0.0537 - 0.15 + 0.008

VoR - 0.199 - 0.15 + 0.030
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TABLE II CONT'D

All positive errors + 0.089
All negative errors - 0.095
All errors ~ - 0.004

In order to determine qualitatively the approximate frac-
tional errors in ul resulting from errofs in the properties, it was
necessary to make some guesses concerning the probable property errors
due to the high pressure. These guessés are mainly based upon general-

(16,33,54)

ized charts z, was approximated as a mole éveragé of the
compressibility factors of H2 and 02 under the initial conditions.

Under final conditions, the compressibility factor of H, is beyond

the range of available reduced charts. The critical properties of

H, 0, and OH are not known. Therefore, it was assumed that the averége
compressibility factor of the burned mixture, Z5, would at most be that
of 0, or H,0, both of which are roughly 1.1 under final conditions.

Since the deviation from ideality of the other four components is pro-
bably less than that of H-0 and Op, & meximum error of -10% was assumed
to have been made using Zp = 1. Most of the other errors were approxi-
.mated in this menner. In cases where the desired information fell beyond
the range of the charts, the values were estimated by visual ext{apola-
tion. Fractional property errors for H, O, and OH, whose critical pro-
perties are ﬁot known, were assumed as limiting values to be equal to

the equivalent values for the other components. These property errors
shown in the third column of Table II, when multiplied by the appropriate
factor in the second column, yield estimated'vélues for the fractional

e

error in up, shown in the fourth column. It is seen that errors in some



properties cause an appreciable error in u . The total negative error
and the total positive errof are very nearly equal in magnitude and
thus, if idealized properties are used throughout, there is a natural
cancellation of errors such that the net error is very small.

It is noted in Table II that, based on the approximate analysis
presented, u; is insensitive to small errors in z5. This occurs because
the error in Uy is proportional to the sum of the errors in Ty and z,,

and the error in T, is equal to the negative of the error in zy, i.e.,

AL é%?a (for no other errors) (59)
2 2

by /AT Az Az ‘
ol 22) - (£2. 29 (%)
u T 4 Z 2

1 2 2

This result merely indicates that for small errors in z., the error in

2)
U will be small. This is not to say that u; is independent of zp, for
certainly, if z, is in error, then T2 will be in error, and the values
of the equilibrium constants, enthalpies, and specific heats will bé in
error. This will in turn cause errors in all of the product mole frac-
tions. The results is obviously an error in . For small errors in Zy,
however, this is a second erder error effect and the equations presented
approach complete accuracy as the error in zo becomes smaller. The fore-
going discussion on second order error effects applies to all of the
properties listed in Table II.

This analysis was made for only one point, where the conditions

were probably least ideal. It is reasoned that at lower pressures and

<~ for product gases contg%ning less water, errors introduced by using
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idealized properties would be less. This was done solely to obtain a
qualitative picture of the effect of a major source of error in the
computations. It must be borne in mind that for other conditions, the
positive and negative errors m;ght not cancel each other so convenient-
1y, and the net error could be a few percent in either direction.

The above discussion qualitatively points out that errors
introduced by using idealized properties tend to cancel each other,
and thus, the expected error in the computed velocity due to uncertainty

in properties is small.






V. RESULTS

Experimental Effect of Initial Pressure on Detonation Velocity

All experimetal runs were made at room temperature, the
temperature varying between T0°F and 80°F, depending upon the ambient
air temperature at the time. Information presented by Moyle and Chur-
hill(5l) indicates that this small variation could be tolerated and
did not necessitate building a temperature control. Data were taken
at initial pressures of 1h.Lk, 25, 50, 100, 500 and 1,000 1b/sq in. abs.
Velocities at each of these pressures were measured for mixtures having
nominal mole fractions of hydrogen of 0.4, 0.5, 0.6, 0.667, 0.75, and
0.8. Because of the method of charging, it was difficult to obtain
mixtures havipgg the exact compositions mentioned above. Only after
the measurements were made and the mixtures analyzed were the initial
compositions known. In general, the actual composutions were slightly
different from the nominel values. It was thus impossible to plot
directly the effect of initial pressure on detonation velocity at
discrete values of initial composition, since the initial compesitions
varied slightly for different pressures.

One way to obtain this plot would be to plot defonation vel-
ocities versus mole fraction hydrogen at the various initial pressures
(which were accurately controlable) and then construct a cross plot to
obtain the desired curves. However, with such a method, the identity
of the individual experimental points is lost on the final Uy vs Pl plot

whereon the experimental data are compared to theoretical predictions.

47-



Only the single average cross-plotted pdints are represented on the final
curve so that the illustration of the experimental scatter is lost. Also,
the shapes and positions of these cross-plotted "experimental" curves are
dependent updn the individual who plots the original curves. Such a pro-
cedure does not lead to an accurate comparison of experimentel and theo-.
retical relationships. Therefore, the following method was employed.
Detonation velocities were plotted versus mole fraction hydrogen
at the various initial pressures. The actual experimental points were
then corrected for their deviation from the nominal hydrogen fraction by
moving the points parallel to the curves drawn through the original
points till the nominal hydrogen fraction was reached. This is illustrated
graphically in Figure 18 below. The plot upén which this was actually

done is shown in Figure 19.
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Algebraically,
CORR - u, ACT
§ = ! L (61)
- X
", Nou ~ “E_ACT -

or

u =s (x - X ) +u (62)

1 CORR H2 NOM H2 ACT 1 ACT

where s is the slope of the curve at the nominal mole fraction of hydro-
gen. Then, u; could be plotted vs. Pl at discrete values of xH2. With
this method, the identity of the individual points and the presentation

of experimental scatter is preserved, and if (xH ) is small

2 NoM Bz act
and the slope is fairly constant (which it is), the error introduced by
moving the points in a straight line to correct them is very small.

Also, the slope obtained by various individual plotters is less likely

to be in error than the position of the curves, i.e., with this method,

the only property of the curve drawn through the experimental points

which is used is its slope (whereas with the cross-plot method the absolute
position is relied upon to be accurate.).

The theoretical velocities correspond to those which would be
measured in an infinite diameter tube. Therefore, in order to compare
theoretical and experimentél velocities, it is necessary to'correct the
experimental measurements for tube diameter. This dependence of detonation
velocity on tube diameter has previously been obtained. Kistiakowsky and
Zinman found that a plot of detonation velocity versus the reciprocal of

(22)

tube diameter yields a straight line . Thus, the correction for tube

wall effects may be made by extrapolating the experimental detonation



velocity vs. reciprocal tube diameter curve to zero reciprocal tube
diameter. This was done by Moyle and Churchill(3l) for various mixtures
of hydrogen and oxygen at one atmosphere using their own data and the data
of other investigators. They obtained a relationship equivalent to the
following equation from the slopes of these curves (which apparently are

independent of mixture composition):

() = w + 2L (63)

where u; = measured velocity, ft/sec.

(ul)°° = equivalent velocity in an infinite diameter tube, ft/sec.

® = tube diameter, inches

For a half inch diameter tube, this correction amounts to about 59 ft/sec.
In order to make a correction for tube diameter on the data collected in
this investigation, it is necessary to assume that the above experimental
relationship is independent of pressure as well as compositdon. This pres-
sure effect in itself would make a good independent research project. A
tabulation of actual experimental results along with the corrections mention-

ed above is given in Table IV in Appendix E.

Theoretical Results

Effect of Initial Pressure on Detonation Velocity

All theoretical points were calculated for an initial temperature
of 298.16°K (77°F). This temperature is very nearly the temperature at
which the majority of experimental runs were made.

Detonation velocities were predicted for initial mole fractions

of hydrogen of 0.4, 0.5, 0.6 0.667, and 0.75; and final pressures of 10,



25, 50, T5, loo, 250, 500, T50, 1000, 1500, and 2000 atmospheres.

Product gas equilibrium compositions for these conditions for
product temperatures from 3000 to 5000°K (the output from the IBM-650
digital computer) are givén in Table V in Appendix F along with the in-
put conditions. Although this information was obtained as an inter-
mediary in the calculation of detonation velocities, it is general and
may be used in any application where the equilibrium compositions of
Hy-0p mixtures at these conditions is necessary. A sample plot of this
data is given in Figure 20. It is seen that at 3000°K, the product
(for a stoichiometric mixture) consists mostly of water with very small
amounts of the other five components. The concentration of water con-
tinuously increases and the concentrations of the other components de-
crease as the pressure increases. However, at 5000°K, the equilibrium
mixture contains much higher concentrations of dissociation products.

As the pressure increases, the H and O concentrations decrease, the H2,
Op, and OH increase to a certain point due to the association of H and O
and decrease thereafter due to their association into water. The water
concentration continuously increases with pressure. This is the associa-
tion effect of pressure which is expected to yield an increase in detona-
tion velocity. |

As stated in Chapter III, the velocities were predicted for
fixed 2125; pressures to avoid an additional. successive approximation
calculation. These final pressures were selected such that the initial
pressures finally resulting from the calculations would bracket the range

of experimental data. ' The predicted detonation velocities are tabulated
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in Table VI in Appendix G.

The experimental and theoretical relationships between detona-
tion velocity and initial pressure at various initial compositions are
presented in Figures 21 and 22. Experimental points for 0.75 and 0.8
mole fraction hydrogen at 14.4 and 25 lb/sq in. abs were omitted from
the high range curves to avoid the confusion which would result from
including these widely scattered points. The scattering of these points
is discﬁssed in the next section. The points are included on the low
range curves to illustrate their deviation. Experimental points ofcther
investigators are also included on the low range graph. The data of

(30)

Moyle is not included since data were not taken at the same values
of composition as are used in Figure 22. A rough interpolation of his
data (up to 2 atm.) seems to indicate fair agreement with data taken in

this investigation.

Impact Pressures

Impact pressures were calculated for all of the theoretical
points by means of Equation 56. The computed data are given in Table VI
in Appendix G and the ratios of impact pressure to initial pressure are
plotted in Figure 23 along with ratios of pressure behind the original
detonation wave to initial pressure. It should be borne in mind that at
the highest initial pressures, it was shown that the calculated velocities
were a few percent below the experimental velocities. Therefore, actual
impact pressures can be expected to be somewhat higher than those predicted
using the calculated velocities. Experimental velocities were not used

because of a lack of knowledge of the actual values of 7o, Mo, and Tp.



DETONATION VELOCITY- FT/SEC

-55-

14,0000
13,000}
X,, = 0.800
12000 __---8---7"" v
& A £ X, =0.750

4000

3000

2000

1000}

11,0005 | ,
@

*
v X,,= 0.600
2
S X,z 0.500
2
X X,,= 0.400

THEORETICAL CURVE
-—=—EXP'L CURVE
X,z 0.400
x::= 0500
X“; 0600
Xy 0667
XH =0.750
2
Xy, =0.800
2

oD OoOg oOx

0

| | ] ] ] ] ] ] ]

O 200 400 600 800 1000 1200 1400 1600 1800 2000

P~ INITIAL PRESSURE - PSIA

Figure 21. Comparison Between Theoretical and Corrected
‘ Experimental Effects of Initial Pressure On
Detonation Velocity -- High Range



DETONATION VELOCITY—-FT/SEC

-56 -

14,000
13000
120001
11,000 X, 0790
10000 XH; 0.667
[
X,=0.600 .
9000L H 0
8000L XuZ 0.500
Xu=0.400
7000L 2
6000
50001 THEORETICAL CURVE
————EXP'L CURVE
4000| . a2
xHz =0.400 z
O Xy, =0.500 >
30001 V. Xy, 20.600 [ @ 2
- e > T.50
0 Xy, 20667 | F W
20001 A Xy, :0.750 z
o) tz=o.eoo_J
1000 @ REF. 15, x,,z:o.ss?
A REF. 8, tz=o.ss7
0 | | | ] | ] ] ] |

O 20 40 60 80 100 120 140 160 180 200
R - INITIAL PRESSURE - PSIA

Figure 22. Comparison Between Theoretical and Corrected

Experimental Effects of Initial Pressure On
Detonation Velocity -- Low Range.



60}

25

1
IX
N n
o
(2]
(o]
o]
o
N
/C'”
ol

ﬁ . X

P, /P, & B/R~ RATIOS OF DETONATION & IMPACT PRESSURE TO
INITIAL PRESSURE

0 | 1 1 | | | I 1 |

0 200 400 600 800 1000 1200 1400 1600 1800
Pi— INITIAL PRESSURE- PSIA
Figure 23. Theoretical Ratios of Detonation and Impact

Pressures to Initial Pressure as a Function
of ;pimial Pressure.



-58-

Accidental Explosion

It was originally intended to reach initial pressures as
high as 10,000 lb/sq in. abs, the hydraulic pump rating. Since there
was only a small percentage increase in detonation velocity when the
initial pressure was raised from 500 to 1000 lb/sq in. abs, it wag plan-
ned that data would next be taken st an initial pressure of L4000 lb/sq
in. abs, and then at 10,000 1b/sq in. abs. A mixture of 0.8 mole frac-
tion Hy, 0.2 mole fraction O, was charged into the pressure tube at
800 lb/sq in., abs. The hydraulic fluid was then pumped into the bottom
of the pressure tube with an ultimate goal of 4000 1b/sq in. abs. At
3500 lb/sq in. abs the mixture spontaneously detonated.

The cause of thisignition can only be speculated upon. No
valves were being opened or closed during the pressurizing operation,
s0 shock waves at the valve seats are eliminated as a possible cause.
The writer can postulate only two possible causes. One possibility
is that the mixture was so unstable at this pressure that slight
fluctuations in the hydraulic fluid due to pump piston movement created
waves strong enough to detonate the mixture. Another possibility is
that under the conditions at which the explosion took place, the gas
acted as a pyrogallic mixture, i.e., it reacted spontaneously‘ﬁithout
outside ignition.

Since there was no time for the safety diaphragm on the
pressurizing tube to release the pressure created by the detonation,
the explosion burst and shattered the pressurizing tube and destroyed

all valves, gages, and lines (Figures 24 and 25). It is estimated that



Figure 24. Photograph of Pressurizing Tube After
Accidental Explosion.
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Figure 25. Photograph of Test Pit and Equipment
After Accidental Explosion.
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the pressure after detonation was at least 70,000 lb/sq in.abs, and none
of the equipment auxiliary to the detonation tube itself was designed to
hold this pressure. Ordinarily, the detonation tube would have been
closed off from the rest of the system and nothing else would have been
exposed to detonation pressure. As it happened, the detonation tube
was the only piece of equipment not damaged even though it too was
exposed to the detonation pressure. Appreciable damage to the test
cell occurred: U4 inch thick block facing on the exterior of two walls
was detached from the walls, one edge of the roof was pushed up, the
door jamb was pushed out of the wall, and the doorknob pulled from the
door. However, there were no personal injuries because of precautions
taken in building the system, as described in the section on equipment.
Subsequent to the completion of the experimental work, inter-
esting new articles were published concerning the strength of cylindrical
(13,28)

vessels under high pressure and on the effect of detonations on

(35)

" piping and vessels






VI. DISCUSSION

An inspection of the plot of the original data (Figure 19)
and the corrected data (Figures 21 and 22) shows that the experimental
scatter is at most 3% and in most cases less than 2% except for the cases
of hydrogen rich mixtures at low pressure. No experimental consistency
was obtainable with the system use@ in this investigation for 0.75 and
0.8 mole fraction hydrogen at 14.4 and 25 1b/sq in, abs initial pressure.
The data for these conditions scatter widely. One possible explanation
is that for the richest mixtures, stable detonation did not consistently
develop in the allotted distance between the ignitor wire and the first
probe (58 in.). (See Chépter II - Section "Velocity Measuring Equipment”
and Tablé I.) Thus when it did not develop, the measured velocities were
much lower than predicted, and individual points differed among themselves
depending upon how nearly the wave appfoached being a stable detonation
wave as 1t passed between the ionization probes. As the initial pressure
was increased beyond 50 lb/sq in. abs, the initiation distance apparently
decreased enough to allow stable detonation to be achieved before the first
probe was reached. Beyond this pressure, reproducibility of data was
satisfactory even for the richest mixtures.

The comparison between predicted and corrected experimental
detonation velocities is seen in Figures 21 and 22. At low pressures,
experimental velocities lie slightly below the predicted curves. These
deviations are likély due to imperfections in the model upon which the
calculations were based. This modgl assumes a relative velocity between
the wave and the burned gases egpal to the speed of sound in the burned

gases, and chemical and thermal equilibrium behind the wave. The absence
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of equilibrium behind the wave, besides causing an error in the burned
gas compositions used, could affect the computations as follows: In
developing the theoretical equations, difference equations were written
for the mass, momentum, and energy balances. These equations are
actually the results of integrating the mass, momentum, and energy one-
dimensional differential equations between state 1 and state 2. However,
these differential equations also oontain terms involving the second
derivative with respect to longitndinal position of concentration (cor-
responding to diffusion in the mass balance), the second derivative of
velocity (corresponding to viscosity in the momentum balance), and the
second derivative of the temperature (corresponding to thermal conductiv-
ity in the energy balance). Integration of these terms results in the
presence of first derivatives with respect to longitudinal position of
concentration, velocity, and temperature in the difference equations.

If the derivatives of each quantity are equal in states 1 and 2 (or
specifically, if they are zero in both states) then their net effect is
zero. Certainly, there are no concentration, velocity, or temperature
gradients in state 1 in front of the wave. If chemical and thermal
equilibrium exist at state 2 behind the wave, the gradients are zero there
and these terms may be dropped from the eqnations. Howeverc in the ab-
sence of chemical and thermal equilibrium behind the wave there will be

a temperature gradient with longitudinal position which will affect the
energy balance, and a composition gradient which will affect the mass
balance. Each of these effects will induce a velocity gradient which
will affect the momentum balance. The inclusion of these terms renders
the conservation equd%iono unsolvable in closed form. Thus the assumption

of chemical and thermal equilibrium behind the wave is made. As seen from
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the results at low pressure, this is not too bad an assumption, although
the slight discrepency between experiment and theory might be explained
on this basis. The theory also requires that the Chapman-Jouguet plane
exist at the point where it is assumed that equilibrium e#ists. If the
Chapman-Jouguet plane does not exist, or if it exists at some other po-
sition, this 1s another possible source of error in the computations.
It is assumed that momentum and energy losses to the wall were taken into
account by extrapolating the experimental velocities to infinite tube
diameter.

At higher pressures, it is noted that the experimental points
rise above the theoretical curves. At 1000 lb/sq in. abs, the averages
of the various groups of experimental points are 2 - 3% above the pre-
dicted curves. These deviations are probably due principally to the use
of idealized properties for the theoretical computations. Even though
the "error analysis" predicted a much smaller error in detonation velocity,
this prediction was based upon very roughly estimated values for the prob-
AWHQ Lvog

a

" nd had been assumed to
Hp VOH

able property errors. For example, if

be -10% instead of -15% (see Table II), the net error in the theoretical
detonation velocity would have been -2.3% instead of -O.h%. This increase
in velocity error resulting from a decrease in property error occurs be-
cause a negative error in these quantities (as well as many others) causes
a positive error in velocity. Therefore, when the absolute values of

these errors are decreased, the positive component of the net velocity
error is decreased, causing a "more negative" net velocity error. Table

IT shows that uj 1s most sensitive to errors in the enthalpies and fugacity

coefficients, and that small errors in the specific heats and compressi-



bility factors have a negligible effect on Uy - The remarks concerning
imperfections in the theoretical model also apply to the high pressure
conditions, although the effect is probably masked due to the greater

effect of non-ideality in the product gases. Furthermore, equilibrium
is probably more closely approached at the high pressure because of the

shorter mean free path for chemically productive collisionms.



 VII. CONCLUSIONS

This investigation indicates that the velocities computed
from the highly idealized hydrodynamic theory of detonation are in
reasonable agreement with experimental detonation velocities throughout
an extensive pressure range, 14%.4 to 1000 lb/sq in. abs,for hydrogen-
oxygen mixtures containing hydrogen mole fractions from 0.4 to 0.8.

| At the lower pressures, the disagreement between experimental
and predicted detonation velocities is small and might be explained as the
result ofyimperfections in the idealized theoretical model.

Inconsistencies observed in the experimental data at the lowest
pressures and richest mixtures were probably due to a peculiafity of the
experimental system (insufficient wave development distance) and should not
be interpreted as a contradiction of the theory.

At the higher pressures, disagreément is small and can be ration-
alized in terms of the idealized properties necessarily used in the compu-
tations. It is fortuitous that the effects of using idealized properties
tend to cancel, leaving a small net error in the predicted velocity in the
iilustrative calculations for 8 stoichiometric mixture at 1362 lb/sq in.
abs initial pressure. If high pressure values for the properties had
been available for use in the computation, a closer agreement between
predicted and experimental velocities might have been obtained at the
higher pressures. Without these valueé, discrepancies can only be shéwn
to be reasonable and not necessarily due to defects in the theory.

The detonation velocities are shown to increase at a decreasing
rate as the initial pressure increases. The maximum possible theoretical

velocity would be attained when there was no dissociation of the product

£7-
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gases. Under these conditions, no chemical energy is spent in dissociating
the products. It is apparent that this state of the product gases would
occur if the pressure were infinite, since an increase in pressure causes
a decrease in the amount of dissociation. Therefore, a velocity asymptote
could be ekpected on the predicted curves, which the velocity would approach
as the pressure increased without bound. This appears to be the case for
the predicted curves, based on ideal properties of the product gases. |

The experimental curves, need not necessarily behave in the
manner outlined above for the predicted curves. As the pressure in-
creases indefinitely the product gases deviate more and more from ideality.
At the highest initial pressure for which experimental data were obtained
(1000 lb/sq in. abs), velocities in the rich mixtures seem to be approach-
ing some sort of asymptote. However, velocities in the lean mixtures
sfeadily increase as the initial pressure increases. Experimental de-
tonation velocities might increase indefinitely with pressure, or they
might even reach a maximum and decrease thereafter, at some point beyond
1000 lb/sq in. abs, depending upon the influence of pressure on the
physical properties. The behavior of these curves beyond the experimental
range cannot be predicted without an accurate knowledge of the values of
the physical properties under actual conditions.

Table IIT indicates the percentage increase in experimental
detonation velocity due to increasing initial pressure from 14.% to 1000

lb/sq in. abs.
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TABLE ITI

EXPERIMENTAL PERCENT INCREASE IN DETONATION
VELOCITY FOR INCRFASE IN INITIAL PRESSURE
FROM 1.4 PSTA to 1000 PSIA

Mole Fraction : Percent Increase in
Hydrogen Detonation Velocity
0.ko _ 12.5
0.50 11.L
0.60 12.8
0.6667 13.5
0.75 : 15.6
0.80 13.1

An important consideration for design purposes is the pressure
realized when a detonation occurs. The ratio of the pressure behind the
detonation wave to the initial pressure increases only slightly with in-
creased initial pressure and is highest for the stoichiometric mixture,
ranging from 17.7 at P;=8.29 1b/sq in. abs to 21.6 at P,=1362 1b/sq in.
abs. The ratio of impact pressure (pressure behind the reflected wave)
to detonation pressure is fairly independent of initial pressure and com-
position (slightly under 2.5). Thus, if a detomation occurred in a vessel
containing a detonatable mixturé of hydrogen and oxygen, the wave could
produce, on impact with the vessel walls, a pressure greater than 53 times
the initial pressure for initial pressures greater than 1362 lb/sq in. abs.

This should be taken into consideration in the design of the vessel.

<
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APPENDIX A

DEVELOPMENT OF THE HYDRODYNAMIC EQUATIONS

Conservation and state equations may be written between

states 1 and 2 as follows (See Figure 13 in text):

S (a-1)
2
Py + ppuf = Pp + i (A-2)
2 2
up u3
hy + 5 =hy + — (A-3)
p = Pm/zRT , (A-4)

Eliminating p from (A-1) and (A-2) by means of (A-4):

Pm  Pomp
ZlRTl ul - Z2RT2 U.2 (A'S)
and
Pim 5 Pomp
Py + Z1RT, uf =Py + EE?TE u% (A-6)
From (A-5) .
U2
Pp 2T
Po ~ muy (A-7)
21Ty
From (A-6)
2
moun
_P_]; _ 1+ Z2RT2 (
P2 mlul A-8)
1+
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Eliminating Py/Pp between (A-7) and (A-8) and rearranging:

2 2
ZlRTl + mlul _ ZERT2+ m2u2

I Uy = moun (A-9)

Squaring (A-9) and rearranging:

2
o ) m (zoRTp + mou5) \2| 2 222
mjuy+ {:2leTlml—< ul + zR°T] =0 (A-10)

moup

Solving (A-10) for u?

1
2
it (2gRTp + mpug)®
- {2z21RTym; - 55 +
u2 - msus
1 2
2ml

(A-11)

2
mE(ZQRTb + m2ug)2> _ hm§z§R2T§

22, RTymy -< —
22

(A-11)

o
Substituting (A-11) into (A-3) and letting up=ap according to the

Chapman—Jouguet requirement:

mi(ZQRTQ + mga%)2
2z lR Tlml - +
2 mea’ -
an 22

h2=hl - Zr -
hmﬁ

2

nf (20RTp + mpad)? V222 2

2leTlml - 5 2 - ZlR Tlml
msas

(A-12)

2
b
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This equation could be simplified to a great extent if hz‘ERa‘I?m% were
' m.ﬁ(zaRT2 + m2a§)2 2
very small compared with 2leTlm1 - . An order
nag

of magnitude analysis will be made to show that this is true.

Iet
A= ZZlRTlml
m%(zeRTé + mgag)e
B = 2D
m5a5
= L,2R2M2, 2
C hle Tlm1

The following assumptions will be made regarding the orders of magnitude

of the various quantities. These assumptions are aimed at letting C

approach (A-B)? as close as it probably will.
Zl = 6(1)
£t 1b
R = 1544 1b mol 'R
T, = 520°R
1b

m = ¢(10 Ib mol)

25 = &(1)

. 1b
m, = &(10 Ib mol)

7o = €(1.2)
T, = ¢(5400°R)
a2 = y,RT,

2 g e

m2
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A =62 x 1 x 154 x 520 x 10) = (16 x 100 It 1v° )
’ (To mol)?
5 " 2 1p*
C = A° = (256 x 10 Cﬁ;j;;f;: )
m%(ZQRTé + 72RT2)2 miRTE(ZQ + 72)2.
B = =

72RTomp 7omp
102 x 1544 x 5400 x 2.22) _ #(336 x los'ft 1p°

=G( -
1.2 x 10 (16 mol)?

(a-B)2 = ¢(16 x 10° - 336 x 10)2 = @(-3.2 x 109)?

2 b4
B 7 £t2 1b
= d(10* (Ib mol)h)

The above analysis shows that C is roughly 0.0026 as large as (A-B)2 in
the worst case. It was felt that the simplification in Eqpatibn (A-12)
resulting from neglecting C was more valuable than the small bit of
accuracy afforded by including C. Therefore, C was neglected. Equa-

tion (A-12) then becomes:

RT, + 2
ag ’ 2ZlRTlml - mi(ze S 5 mgaﬁ)
h2=hl-—2—-2 m2a2

2
hml

a3 (2oRT, + maB)2 2RI

= hy - — + -
1772 2ulel my (A-13)

72RTo
m

For an ideal gas, as = , which may be derived from the

basic relationship a2 = dP/dp. The inclusion of a real gas correction
rigidly applied throughout the development of the former relationship
unnecessarily complicates the final equations.‘ Therefore, a correction

is applied only in the equation of state used in arriving at the relation-
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ship between ap and Tp, i.e., Equation (A-h) is used as the equation of

state. The relationship is then:

752,~RT
ag = -gﬁg_—g' (A-14)

Substituting (A-14) into (A-13) and rearranging:

l1+2 T
hp - =R (1+272) 2D z11y] (a-15)
272 m o om |
from which
_ (o 21Ty, 2mpyp
T2 B (R_- + ml) (1 + 272YZ2 (A'l6)
From (A-3)
2p7Y2RTp
u = 2(h2 - hl) + -—;E;-' (A-17)

and substituting (A-15) into (A-17) yields:

2

ngg(l + 72) z1Ty

u; ={/2R > - (A-18)
m7p my

Combining (A-8) and (A-18)

(A-19)

Equations (A-16), (A-18), (A-19) were used in the computations.
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APPENDIX B

DEVELOPMENT OF THE CHEMICAL EQUILIBRIUM EQUATIONS

As described in the text, the basic equations are:

1/2
¥y *0p | 1/2
P1 = XHQO P2

Xl/2 X
Hy *OH
2 ‘ P1/2

X 2
Hy0 2

*H 1/2

K53 ==<;§7§' F2

I

Kpy

2(n = (2nyn +nn +n + nap)
02)1 O2 0 H,0 O’y
2(nH2)l = (2nH2 + ny + 2nH20 + nOH)E

Dividing (B-5) and (B-6) by (nT)a

2

T-;—(noé)l - (2 )p = 2(x,.) T——r(nT)l
np 5 = X02 + XO .+ XH20 + XOH o = X02 1 nT >
2(n

_Jéﬁ = (2% + Xy + 2 + Xam)o = 2( )(nT)l
(nplp  ~ TH T ET 0 T FoH'2 T SV Tag),

(B-1)

(B-4)

—~~

B-8)
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Dividing (B-7) by (B-8)

(Xo2)l (2X02 + XO + XH20‘+ XOH)Q

(XHQ)]_ - (2XH2 + XH + 2XH20 + XOH)2 (B‘9)

Hereafter, the subscript 2 denoting the final mixture will be dropped.
Since the sum of the mole fractions of the six components must be unity,

+ XO + X.H + XHQO + XOH =1 (B-lO)

X + X
Q " TH

Rearranging Equations (B-1), (B-2), (B-3), (B-k), and (B-9), respectively,

and letting F = (xoe)

l )
(XHQ)l
Kgl *,0\2
XO2 = -—P—e- XH2 (B-ll)
Kpo [ XHo0
%o = o 122 (B-12)
P2 X 2
K
_P3
xy = V— éé 2 (B-13)
Kph - 1/2 _ KpiXpl _XHQO' (B-14)

Xo == X =
Yeo %2 2\
2FXH2 + Fxp - 2xo2 - Xg + (2F- l)XHEO + (F- 1)X0H o (B-15)

Substituting (B-11), (B-12), (B-13) and (B-14) into (B-10) and (B-15)

respectively,
/2
K3, [ XH,0 , Keikey [¥E0) X
SP1 2+X PlPu 2+P3 22 4

K
P2 2 (B-16)



-

e TP

C(F-1)Kpp [¥ER0
+ (2F-1)XH20 + <xl/2)= 0 (B-l7)
‘\} Py H2 7

Rearranging (B-16) and (B-17) respectively,
[ K%:L} 2 I:KPlKPu -~ Kp b1l
ot o 0
P2xH2 *Hy0 * | Poxp, /V Vxﬂa 2

KP3VXH2
+ [XHE + —V-—P?—— - 1:| = 0 (B-18)

[QKm} 2 [Kp Kpy  (F-1)Kpp (or.- lj'

P, | 120 | Fo¥m, )V_‘V—

- |oFxy + = /Vx_- =0 (B-19)
TR R TR

Solving (B-18) and (B-19), respectively, for xH20

[KPlKPu , +1] \
P2XH2 )VPZ ’VXHa -

X.

o=
2 ' 2K§1
-2
Poxp,
/\[liKPlKPlL 2 [“K%l] [x . Kp3 )‘/X—Hz ) J
P, e )V-X_Hg g | | R
‘-aK%l (B-2
ey >-20)
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_':KPlKPh- (F-1)Kpp ) (21?-1)} .

Poxp, ﬁ V—

2
PoXp,
2 b
KppKpy  (F-1)Kpo (er1)| 8Kp) oz +FKP3V Hp
T Y N R A
)
P2x§2 (B-21)

Equations (B-11) through (B-14) then provide the concentrations of the

other four components as a function of XH2 and XH20'
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APPENDIX C

IBM-650 COMPUTER PROGRAM FOR SOLUTION
OF CHEMICAL EQUILIBRIUM EQUATIONS
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IBM-650 COMPUTER PROGRAM FOR SOLUTION
OF CHEMICAL EQUILIBRIUM EQUATIONS

SO0AP II SYMBOLIC PROGRAM MACHINE CODED PROGRAM

Next  Oper- Data Instr, Next Oper- Data Instr,
Instr, ation Address Address Instr, ation Address Address

BLR 0000 0000
BLR 1850 1999
REG ROO51 0060
BLR 0001, 0001
REG P0027 0036

REL 0500
0000 STD 0003 0006 1 0500 2l 0503 0506
0006 BMI 0009 0010 0506 46 0509 0510
0010 SRT FO0002 0017 0510 30 0002 0517
0017 NZU 0021 0022 0517 i 0521 0522
0021 STL 0025 0016 0521 20 0525 0516
0016 SLO F8002 0028 0516 16 8002 0528
0028 SRT FO0008 00l3 0528 30 0008 0543

ooh43  STL 0001 000k
000l  AUP 0007 0011
0011 DVR 0014 0002
0002 STL 0008 0012
0012 RAU 0001 0005
0005 DVR 0008 0020
0020 SLO F8001 0026
0026 NZE 0030 0034
0030 BMI 0033 003L
0033 ALO F8001 0039
0039 ALO F8001 0011
0034  RAL 0025 0029
0029 ALO 0032 0036
0036 SRT F0008 o0ol2
ooh2 DIV 001L 0037
0037 ALO F8003 0019
0019 STL 0025 0031
0031 NZU 0035 oohl
0035 RAU 0008 0013
0013 SRT FO0001 0027
0027 MPY 0023 0038
0038 SRD F0010 0018

0543 20 0501 0504
050l 10 0507 0511
0511 6l 0514 0502
0502 20 0508 0512
0512 60 0501 0505
0505 6l 0508 0520
0520 16 8001 0526
0526 U5 0530 0534
0530 L6 0533 0534
0533 15 8001 0539
0539 15 8001 0511
0534 65 0525 0529
0529 15 0532 0536
0536 30 0008 0542
0542 1 051l 0537
0537 - 15 8003 0519
0519 20 0525 0531
0531 Ly 0535 0541
0535 60 0508 0513
0513 30 0001 0527
0527 19 0523 0538
0538 31 0010 0518

FLOATING DECIMAL POINT SQUARE ROOT SUBROUTINE-

0018 SLT F0002 002l 0518 35 0002 0524
0024 ALO 0025 0040 052, 15 0525 0540
o040 RAU  F8002 0003 0540 60 8002 0503
0041 = RAL 0008 0015, . 0541 65 0508 0515
0015 SRD F0002 0018 L 0515 31 - 0002 0518

0022 RAL F8003 0003 0522 b5 8003 0503



SOAP II SYMBOLIC PROGRAM

NWext  Oper- Data Instr,
Instr, ation Address Address
0007 00 FOO000 FO001
001l 00 F0000 F0002
0032 50 F0000 F0000
0023 03 F1622 F7766
0009 UL Flhldy  Fhlhl
0003 00 F0000 F0000
0025 00 FO0000 FO000
0001 00 FO0000 F0000
0008 00 F0000 F0000

REQ SQRT 0000
GAMMA RAU XHZ2
LDD SQRT
STU SQRTX
RAU R0O005
FMP R0008
FDV  R0O0O03
FDV  XHZ
STU A
RAU  R0O006
FDV  SQRTP
FDV  SQRTX
STU B
RAU WO
FMP RO00S
PMP RO00S
FDV  RO003
FDV  XHZ
FDV  XH2
STU C '
RAU  ROOOT7T
FMP SQRTX
FDV  SQRTP
STU D
RAU A
FAD B
FAD ONE
STU E
RAU B
FAD TWO
FMP F
STU G
RAU E
FSB G
STU H
RAU ONE
FSB  XH2
FSB D
FMP C
FMP T™WO
STU STOR1
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——

SQUARE ROOT
SUBROUTINE

——

MACHINE CODED PROGRAM

Next  Oper- Data  Instr,
Instr, ation Address Address
0507 00 0000 0001
0514 00 0000 0002
0532 50 0000 0000
0523 03 1622 7766
0509 nn Ly Lhhh
0503 00 0000 0000
0525 00 0000 0000
0501 00 0000 0000
0508 00 0000 0000
0050 60 0003 0007
0007 69 0010 0500
0010 21 0014 0017
0017 60 0055 0009
0009 39 0058 0008
0008 3L 0053 0103
0103 3l 0003 0153
0153 21 0108 0011
0011 60 0056 0061
0061 3 006,  011L
0114 3L 0014 0164
016l 21 0018 0021
0021 60 0024 0079
0079 39 0055 0005
0005 39 0055 0105
0105 3l 0053 0203
0203 3 0003 0253
0253 3L 0003 0303
0303 21 0158 0111
0111 60 0057 0161
0161 39 0014 021l
021L 3l 006l 0264
026l 21 0068 0071
0071 60 0108 0013
0013 32 0018 o045
00L45 32 oou8 0025
0025 21 0080 0083
0083 60 0018 0023
0023 32 0024 0101
0101 39 ooo} 010k
0104 21 0208 0211
0211 60 0080 0085
0085 33 0208 0135
0135 21 oo4o  00L3
ool 3 60 oo48 0353
0353 33 0003 0129
0129 33 0068 0095
0095 39 0158 0258
0258 39 0024  007L
007l 21 0078 0081



SOAP I1 SYMBOLIC PROGRAM

Next

Oper-

- Instr, ation

Data  Instr,
Address Address

BRCH1

ALPHA

BETA

RAU
FMP
FAD
LDD
FSB
FDV
STU
RAU
FMP
FAD
FMP
FMP
FMP
STU
RAU
FMP
FAD
LDD
FSB
FDV
FDV
STU
F3B
STU
RAU
FSB
NZE
RAU
STU
FMP
BMI
LDD
STD
LDD
STD
RAU
FSB
STU
RAU
SRT
STL
RAU
SRT
SUP
SLO
SLO

" BMI

RAU
FDV

E
E
STOR1

' SQRT
E
C
XH201
WO
XH2

FOTUR
STOR2

STOR2
SQRT

T™WO

XH202

XH201

DIFF

XH2

ONE

BRCH1

DIFF

LEPFT

RIGHT

BETA

LERFT

RIGHT  ALPHA
DIFF

RIGHT ALPHA
XHe

DELTA

XH2 BETA
DELTA

0002

EXP
XH2

0002

8003

EXP

ERROR

BRGH2

DELTA "
™WO

MACHINE CODED PROGRAM

Next Oper- Detsa Instr,
Instr, ation Address Address
0081 60 0080 0185
0185 39 0080 0130
0130 32 0078 0155
0155 69 0308 0500
0308 33 0080 0107
0107 3 0158 0358
0358 21 0012 0015
0015 60 002l 0179
0179 39 0003 0403
0403 32 0068 0145
0145 39 0004 015l
0154 39 0158 0408
o,08 39 0261 0311
0311 21 0016 0019
0019 60 ooLo 0195
0195 39 0040 0090
0090 32 0016 0093
0093 69 oolé 0500
ooLé 33 o0LO 0067
0067 3L 0158 0458
ot58 34 o024 o12h
012l 21 012 0131
0131 33 0012 0039
0039 21 ooyly  ooL7
ool 7 60 0003 0157
0157 33 oo0u8 0075
0075 45 0178 0229
0178 60 oouly 0049
0049 21 0204 0207
0207 39 0110 0160
0160 L6 0063 0314
0314 69 0204 0257
0257 2l 0110 0113
0229 69 ooy 0097
0097 2l 0110 0113
0113 60 0003 0307
0307 - 33 0210 0037
0037 21 0003 0063
0063 60 0210 0065
0065 30 0002 0121
0121 20 0125 0228
0228 60 0003 0357
0357 30 0002 0163
01563 11 8003 0171
0171 16 0125 0279
0279 16 0082 0087
0087 L6 0140 0041
0140 60 0210 0115
0115 34 o024  O17h
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SOAP II SYMBOLIC PROGRAM MACHINE CODED PROGRAM
Next  Oper- Data Instr, Next Oper- Data  Instr,
Instr, ation Address Address Instr, ation Address Address

STU  DELTA 017k 21 0210 0213

FAD XH? 0213 32 0003 0329

STU  XH2 GAMMA 0329 21 0003 0050

BRCHZ LDD XH2 o041 69 0003 0006
STD P0002 0006 2l 0028 0181

LDD XH201 0181 69 0012 0165

STD  P0003 0165 2l 0029 0132

RAU  R0005 0132 60 0055 0109

FMP  R0O005 0109 39 0055 0205

FMP  XH201 0205 39 0012 0062

gMP gggg% 4 0062 ‘33 00%2 01é2

DV 0112 3 0053 0453

FDV  XH2 o453 3l 0003 0%53

FDV  XH2 0553 3L 0003 0603

STU  POOOL 0603 21 0030 0133

RAU  RO006 0133 60 0056 0361

FMP  XH201 0361 39 0012 0162

FDV  3QRTP 0162 3L 006l 0364

FDV  SQRTX 036l 3l 0014 o4l

STU  P0O005 oLl 21 0031 0084

RAU  RO007 008l 60 0057 o411

FMP  SQRTX o411 39 0014  ohéh

FDV  SQRTP o6l 3l 006l 056l

STU  PO006 0561 21 0032 0235

RAU  R0O005° 0235 60 0055 0159

FMP  RO008 0159 39 0058 0558

FMP  XH201 0558 39 0012 0212

FDV  R0003 0212 3L 0053 0653

FDV  XH2 0653 3 0003 0703

STO  P0O007 0703 21 0033 0086

PCH  POOO1 0001 0086 71 0027 0001

0001 RCD ROOO1 0001 70 0051 0151
LDD ROOO1 0151 69 0051 0254

STD PO0O1 025 2l 0027 0180

RAU  RO003 0180 60 0053 0407

LDD SQRT oLo7 69 0260 0500

STU  SQRTP 0260 21 ovéL 0117

RAU ONE 0117 60 oo48 0753

FSB  R0002 0753 33 0052 0379

FDV  R0002 0379 3L 0052 0002

STU F 0002 21 o004 o457

LDD ONE o457 69 ooy48 0201

STD DELTA 0201 2l 0210 0263

STD XH2 " GAMMA 0263 2l 0003 0050

ONE 10 0000 0051 oou8 10 0000 0051
WO 20 0000 0051 002l 20 0000 0051
“FOUR 110 0000 0051 0261 4o 0000 0051
POO10 00 0000 0080 0036 00 0000 0080

ERROR 05 0000 0000 0082 05 0000 0000
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The input and output data cards used formats of elght words each
contaihing ten digits. The last two digits in each word denoted the
power of ten associated with the first eight digits in the floating
decimal point program used. The input cgrd data were laid out in the
following order: Identification number, initial mole fraction hydrogen,
pressure, temperature, and the four equilibrium constants in serial order.
The output card data were laid out in the following order: Molecular
hydrogen, water, molecﬁlar oxygen, hydrbxyl radical, atomic hydrogen,
and atomic oxygen. The results of this program may be found in Appendix
F. TFor further information in IBM-650 and SOAP II conventions, consult
Reference (38). This computer work was done by the author at the

Statistical Research Laboratory, University of Michigan.
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DEVELOPMENT OF EQUATIONS FOR DETERMINATION
OF THE EFFECT OF ERRORS IN PHYSICAL
‘PROPERTIES ON -DETONATION VELOCITY

The total differential of w=f(x, y, z, ...) is

¥ w dw .
=z dx+ 3 dy +37dz + ... D-1)
If the differentials are replaced by increments, the maximum change

in w resulting from small changes in x, y, 2z, ..., may be obtained

from the resulting relationship:

ow v ow \
Aw=&-Ax+$Ay+&Az+... (p-2)

As Mx, Oy, Lz, ... become smaller, Aw approaches the true change in w.
In any event, the Aw obtained from (D-2) is greater than the true Aw.

Thus, (p-2) gives conservative errors in w resulting from errors in

X, ¥y Zy ... Fractional errors may be obtained by modifying (p-2) to:
v x owx .y ow\ly . ,z Owle
-; = (; &)-—X + (W/—J' gy‘)-—y + (G 327)_Z- + ... (D—3)

If Equation (D-3) is applied to Equation (6) for uy,
ZQTQ (l+72 )2 ZlTl
w = 2R 2m272 - my )

partial derivatives being taken with respect to Zo s Tp, 735 my, and zq,

simplification of the resulting equation yields: - ' -

2
Moy g [Z2T2(1+72) (Aza L0, 7o-1 A72> _1bmp 7Ty AZ1:| (D-4)

Before Aul/ul may be evaluated, the effect of property errors on T, 7,
and mé'must be determined.@wThis series of errors within errors is con-

tinued until the equations being dealt with contain nothing but physical
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properties which might be pressure sensitive (See Table II). The above
statement will become clearer as the procedure is continued. Application

of Zquation (D-3) to Equation (5) for temperature,

_ éh_ z1 Ty 2m272
I ®R* my (l+272)22 ’

'T2

results after simplification, in:

R &n t m o Z) +

+
2o~ mp o (1+27,) 7

—
=

M emyp  |Maalln) nTy ley| Lz Am 1 Mo
Ty (1+272)z2T2 -

Equation (D-3) applied to the definition of An,

1 1
th o= = | T xp(B9.-H2), + L xp(AHP - =7 xp(HR, -HR)
mg[PPTg O)p + & xp £)p my & %RUED -H0)g

results in:

A(B7,-H0)p m A8, -E3)R
+Z(XP(H%2'H8)P> (02 ) '2<m7% XR(H%l‘HS)R ( - 5 ]
fp,Ho)p R\ B B 1 (-
Equation (D-3) applied to the definition of mp, mp = % Xp mp, results in:
P
by Lxp
S U W ]
m ~my p PP Xp (-7)
ZXP(CP)P
P

Equation (D-3) applied to the definition of 7p, 75 = ir——z——3——§
Xp\Cp/p-
P

results in:

Ay XP(CP)PR <AXP A(CP)P )]
2 _ .y )
72 P [;CP)Q((CP)2' ) Xp ' (cp)p (D-8)
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Equation (p-3) applied to the equilibrium and mass balance equations

yleld:
Ax
B (AXH AKp3
XH2 =2 XH - KP3) (D-9)
Ax
02 AXO AKP’-].
%o, = 20 T T -
Ax
Xg,  XHp0 2 xo, Kp
_ + D-12
Xg, X0 - XoE  Kpe
ey Mo, g Mg 2xop B0 (D-13)
'_+XO ———+XH—+XO—+XOH + Xg,0 =
H XHp > Xop Xg X0 X0H Hp XHo0
Ax Dx bx
OFx, —— + T — 2Xn, c: + (2F-1) &—HQO
XH2 " Xg % %00 X0, ~L)XH50 Xg,0
Ax Xop
- xg — + (F-1)xgg =0 (D-14)
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Equations (D-9) through (D-14) were solved simultaneously for the six

fractional errors in mole fraction.

2¥Hp0

XH2O

Akpo

1
=D

&Kpy

Kpo

(F-1) XoH

LKpo

AK:
(671 - e 2

£Kpy

+ 2% X, *t T Xagg t w7 X
KPlV 02 Kpp “OH KP3 H

AKP3
KP3

[(hFXHz + FXH - (F-l )XOH + 8X02 + 2Xo)<

+2 % X, + + éEBi
Y X
Kpy 02 ¥ Kpp XOH ™ Kp3 ¥

The results are:

Akpo £Kp3

|

AKply AKpy

2

AKpy
Kpy

- 2%/ Ty * Ha /%0t Rpy %0 < i (F-L%om -
Mxy  MKpy q DxHp
Xo K + 2 x
g Kp3 i,
B0, (AKPl beg,  Axpyo
=2 - -
on KPl xH2 x1'12()

AKp),
Kpl, /*0

Mpy Aph\
+ XHEO + XOH + 2X02 + XO KPl + KP 0 + KPl X02

AKpl,
Kply X0

H> + <2xH2 + Xg - XQH - l4-}(02

Ja\:e

——

" KP3

(D-15)

= FXH)jl (D-16)

(D-17)

(p-18)



(D-19)

- + (D-20)

where

D= - %(EXHE + xg + QXHQO + XOH><2FXH2 + 2(2F+l) XO2 '

- F(F-1) xg + 2Fx, - F(F-l)x0H> (p-21)

Equation (D-3) applied to the definitions of the KP's,

1/2 | 1/2
VEpO "Ep0 VHo Yo
(Kp) = =775 Ke15 Kpp = vﬁ;2v Kros Kp3 = '~ Kp3, 8nd Kp,™ v Ke),)
H2 0o OH H
yield:
A A\ A
Lkpy  VE0 TH 1 70 (0.22)
Kpy VHQO vE[2 2 vo2
Mpo i AVEL0 1 Lvp,  Lvog (0.23)
Kpo VHQO 2 VHQ Vo
KP3 = % = - , (D-24)
P3 VHQ VH
S | (0-25)
KPII- 2 V02 Yo -
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The procedure then was to let all physical property errors (See Table IT
in text) except one be zero, and work back through the necessary equa-
tions until all that remained was Aul/u1 as a function of the error in
the single physical property. It can be seen from the equations that
the combined effect of all property errors is merely the summation of

the effects of the individual property errors.
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- ORIGINAL AND CORRECTED EXPERIMENTAL
DETONATION VELOCITIES
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TABLE IV

ORIGINAL AND CORRECTED EXPERIMENTAL
DETONATION VELOCITIES

Eg? *Mp 1MW o 8 uy (17 )eg
ACTUAL PSIA ACTUAL NOMINAL FRoM  CORRECTED CORRECTED
FT/SEC FIG.19 TO NOM xz, FOR xg, &

FROM EQ.62 TUBE DIAM,
FT/SEC FROM EQ.63

1 0.A79 14,3 9130 0,667 10530 900l 9063
2 0,515 1Lh.3 7673 0,500 9320 . 7533 7592
3 0.808 1.4 11210 0,800 12430 11110 11170
L 0,346 1.t 7006 0,350 —— e _—
5 0,340 14e3 4565 0,350 —_
6 0,602 14,3 8380 0.600 9730 8361 8420
7 0,745 14.3 9875 0,750 13160 9941 10000
8 0,406 1L.3 6658 0,400 9180 6603 6662
9 0,492 14,3 Thhls 0,500 9320 7519 7578
10 0.440 14,2 7046 0,400 9180 6679 6738
11 0.795 14,1 10370 0,800 12430 10430 10490
12 0.471 100 7626 0,500 92i0 7894 7953
13 0,608 100 8907 0,600 10600 8822 8881
14 0,801 1h.h 10250 0,800 12430 10240 10300
15 0.799 100 11560 0,800 9410 11570 11630
16 0,661 500 10190 0,667 14180 10280 10340
17 0,796 500 12160 0,800 10890 12200 12260
18 0,492 500 8152 0,500 10220 823l 8293
19 0,409 500 7239 0,400 9600 7153 7212
20 0.606 500 9369 0,600 12360 9295 9354
21 0,699 500 10620 0.667 14180 10170 10230
22 0,798 1000 1224,0 0,800 13590 12270 12330
23 0,675 50010270 0,667 14180 10160 10220
2L, 0.675 100 9778 0,667 13150 9673 9732
25 0,675 100 9740 0,667 13150 9635 969l
26 0,675 50 9640 0,667 12660 9539 9598
27 0,675 50 9603 0,667 12660 9502 9561
- 28 0,675 50 9609 0,667 12660 9508 9567
29 0,675 1.k 9152 0,667 10530 9068 9127
30 0,675 1h.4 9119 0,667 10530 9035 9094
31 0,675 1h.4 9113  0.667 10530 9029 9088
32 0,805 500 12180 0,800 10890 12130 12190
33 0,805 500 12050 0,800 10890 12000 12060
3, 0,805 100 11660 = 0,800 9440 11610 11670
35 0,805 100 11720 0,800 9lLO 11670 11730
36 0,805 50 11380 0,800 8700 11340 11400
37 0,805 50 11370 0,800 8700 11330 11390
38 0,805 1h.l4 11260 0,800 12430 11200 11260
9 0,805 1h.4 10720 0,800 12430 10660 10720

0 0,805 1.4 11020 0,800 12430 10960 11020
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2 1 1 Hp 1)oo
NO. \CTUAL PSIA ACTUAL NOMINAL FROM  wg o no CORRECTED
FT/SEC FIG.19 H2 Ho

FROM EQ.62 TUBE DIAM,
FT/SEC FROM EQ.63

41 0.503 500 8108 0,500 10220 8077 8136
42 0,503 500 8224 0,500 10220 8193 8252
43 0,503 500 8228 0,500 10220 8197 8256
Lk 0,503 100 7899 0,500 9240 7871 7930
15 0,503 100 7895 0,500 9240 7867 7926
146 0,503 100 7899 0,500 9240 7871 7930
47 0,503 50 7784 0,500 9540 7755 7814
48 0,503 50 7764 0,500 9540 7735 7794
49 0,503 50 7776 0,500 9540 TTW7 7806
50 0,503 14,k 7508 0.500 9320 7480 7539
51 0,503 1,k - 7496 0,500 9320 768 7527
52 0,503 1,4 7481 0,500 9320 7453 7512
53 0,503 25 7561 0,500 9LL4O 7533 7592
5k 0,503 25 7614 0,500 9LLO - 7586 7645
55 0,503 25 7587 0,500 9440 7559 7618
56 0,590 500 912} 0,600 12360 9248 9307
57 0,590 500 9130 0,600 12360 925 9313
58 0,590 100 8793 0,600 10600 8899 8958
59 0,590. 100 8767 0,600 10600 8873 8932
60 0,590 50 8626 0,600 10780 873 8793
61 0,590 50 8532 0,600 10780 8610 8699
62 0,590 50 8611 0,600 10780 8719 8778
63 0,590 25 8385 0,600 10690 8492 8551
6l 0,590 25 83k6 0,600 10690 8473 8532
65 0,590 1h,4 8148 0,600 9730 8245 8304
66 0,590 1h.4 8148 0,600 9730 8245 8304
67 0,590 25 8380 0,600 10690 8487 8546
68 0,590 100 8746 0,600 10600 8852 8911
69 0,500 1k 8237 0.600 9730 833L 8393
70 0,740 500 11360 0,750 14010 11500 11560
71 0,740 500 11300 0,750 14010 11440 11500
72 0,740 500 11280 0,750 14010 = 11420 11480
73 0,740 100 10930 0,750 14750 11080 11140
7y 0,740 100 10910 0,750 14750 11060 11120
75 0,740 100 10890 0,750 14750 11040 11000
76 0,740 50 10710 0,750 13810 10850 10910
77 0.740 50 10A90 0,750 13810 10830 10890
~ 78 0,740 50 ,10720 0,750 13810 10860 10920
79 0,740 25 ‘10530 0,750 14oLO 10670 10730

80 0.740 25 10410 0.750 14040 10550 10610
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ggN v XHZ Pl ul XHZ ] | ul (ul )w
* ACTUAL PSIA ACTUAL NOMINAL FrRoM  CORRECTED CORRECTED
FT/SEC FIG,19 7O NOM xg, FOR xy, &

FROM EQ,62 TUBE DIAM,
FT/SEC FROM EQ.63

81 0,740 25 10620 0,750 1L404O 10760 10820
82 0,740 25 10510 0,750 1L0OL4O 10650 10710
83 0,740 1L,k 10310 0,750 13160  104LO 10500
84 0,740 14,k 10160 0,750 13160 10290 10350
85 0.740 14,4 9715 0,750 13160 98L7 9906
86 0,740 1L4.4 9778 0,750 13160 - 9910 9969
87 0,740 1Lh.4 9677 0.750 13160 9809 9868
88 0.400 500 7219 0.4L00 9600 7219 7278
89 0.400 500 7232 0,400 9600 7232 7291
90 0,400 500 7243 0,400 9600 7243 7302
91 0.400 100 6974 0,400 8950 6974 7033
92 0,400 100 7003 0,400 8950 7003 7062
93 0,400 100 6983 0,400 8950 6983 7042
9l 0,400 50 A818 0,400 8770 6818 6877
95 0.400 50 6848 0,400 8770 4848 6907
96 0,400 50 6794 0,400 8770 6794 6853
97 0,400 25 6637 0,400 9140 6637 6696
98 0,400 25 6579 0,400 9140 6579 6638
99 0.400 25 6539 0,400 9140 6539 6598
100 0,400 14,4 6430 0,400 9180 6430 61,89
101 0,400 14,k 6491 0,400 9180 6491 6550
102 0,690 500 10350 0,667 14180 10020 10080
103 0,690 500 10370 0.667 14180 10040 10100
0L 0,90 100 9993 0,667 13150 9691 9750
105 0,690 100 9967 0,667 13150 9665 972l
106 0,690 50 9791 0,667 12660 9500 9559
107 0,690 50 9791 0,567 12660 9500 9559
108 0,690 25 955 0,667 12060 9277 9336
109 0,490 25 9579 0,667 12060 9302 9361
110 0,690 1.k 9334 0,667 10530 9092 9151
111 0,690 1.4 9328 0,667 10530 9086 9145
112 0.690 1L4.J4 9191 0,667 10530 8949 9008
113 0,747 100 10950 0,750 14750 10990 11050
11k 0,747 50 10720 0,750 13810 10760 10820
115 0,747 50 10690 0,750 13810 10730 10790
116 0,747 25 10340 0,750 14oLO 10380 10440
117 0,747 25 10270 0,750 14040 10310 10370
118 0,747 25 10340 0,750 1404O 10380 10440
119 0,747 1h.J 9830 - 0.750 13160 9869 9928
120 0,747 1L, 9653 0,750 13160 9692 9751
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X, P, u, Xy s u (u1) oo
ACTUAL PSIA ACTUAL NOMINAL FROM CORRECTED CORRECTED
FT/SEC FIG,19 TO NOM xy, FOR Xp, &

FROM EQ.62 TUBE DIAM,
FT/SEC FROM EQ.63

1000

1000
1000

500
500
1000
1000
1000
1000
1000

500

500

964 3
9709
10670
10480
10490
10200
10070
9970
10050
9542
9337
9921
9320
10140
10090
9294
9311
11340
11280
8L03
8413
8333
8065
8099
8188
8143
10160
9987
10110
9830
9830
12170
12060
12150
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7411
7191
7136
7116
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13160
13160
14750
13810
13810
14040
11040
14040
14040
13160
13160
13160
13160
13160
14040
11420
11420
13730
13730

9920

9920

9920
10220
10220
10220
10220
14390
14390
14390

14180

14180
13590
13590
13590
9400
91400
9600
9600
9600

9682
9748
10890
10690
10700
10410
10280
10180
10260
9739
9534
10120
9517
10340
10300
9363
9380
11480
11420
8373
8383
8303
803
8068
8157
8112
10350
10170
10300
10010
10010
12200
12090
12180
7334
7392
7172
7117

7097

9741
9807
10950
10750
10760
104470
10340
102440
10320
9798
9593
10180
9576
10400
10360
9ue2
91339
11540
114480
8432
842
8362
8093
8127
8216
8171
10410
10230
10360
10070
10070
12260
12150
12210
7393
7451
7231
7176
7156
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ARITHMETIC AVERAGE DATA

NOMINAL xy, Py, PSIA AVERAGE (uy)_ , FT/SEC

0,400 1L 6610

25 664l

50 6879

100 7046

500 7235

1000 22

0,500 .h 7550

25 7618

50 7805

100 7935

500 8193

1000 812

0.600 L 8355

25 8543

50 8747

100 8921

500 9325

1000 9l 31

0,667 .l 9097

25 9349

50 9569

100 9725

500 10160

1000 10330

0.750 L 9958

25 10490

50 10830

100 11050

500 11510

1000 11510

0.800 b 10830
25

50 11400

100 11680

500 12170

1000 12250

Note: Data averaged over all experimental polnts taken
at each given initial hydrogen concentration and
initial pressure,
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APPENDIX F

EQUILIBRIUM COMPOSITIONS IN HYDROGEN-OXYGEN MIXTURES
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TABLE V,

EQUILIBRIUM COMPOSITIONS IN HYDROGEN-OXYGEN MIXTURES

Initial XHZ: 0.L00

NOTE: XXXXX-Y = XXXXX ¥ 1o:§
90023-2 = 0.90023 x 107°.

eogo,

T,
Og

P
atm

*H,0

on

XoH

Xy

X0

3200

3400

3600

90023-2

58L439-2

4j1927-2
3Lkl 722
2998)-2
19181-2
13654-2
11185-2
97071-3
79469-3
68940-3
15919-1
10533-1
76335-2
63052-2
55000-2
35437-2
25327-2
20787-2
18061-2
14809-2
12859-2
25225-1
17204-1
12660-1
10530-1
922li6-2
60064 -2
43175-2
35533-2
30926-2
25411-2
22095-2
36217-1
25863-1
19470-1
16359-1
14419-1
95288-2
69038-2

143072-0
Ll 774-0
45752-0
16230-0
46531-0
47329-0
14 7801-0
48031-0
48182-0
48371-0
418l93-0
39185-0
41875-0
143425-0
U4h177-0
L14653-0
145905-0
46637-0
446999-0
147230-0
175220
47711-0
34,080-0
38021-0
40311-0
41432-0
42138-0
143998-0
1508-0
45619-0
415960-0
46391-0
116669-0
28006-0
33293-0
36459-0
38018-0
39009-0

L162l=0"
43154-0"

45393-0
416559-0

L4 7226-0

147551-0
L 7754-0
48290-0
L8605-0
448756-0

48853-0

48977-0
19056-0
L27hh-0
Uli596-0
4 5658-0
46173-0
46499-0
47349-0
1478L.0-0
4808L-0
48237-0
484.29-0
48555-0
39177-0
141928-0

43520-0

42990
Il 78L-0
L60AL -0
46805-0
47168-0
447399-0
14 7688-0
47873-0
3&818-0
38595-0
108320
111929-0
1,2619-0
Lhhly2-0
45499-0

75941-1
61967-1
52862-1
48096-1
44953-1
36155-1
30603-1
27742-1
25870-1
23437-1
218l47-1
10675-0
88702-1
764,05-1
69831-1
65u48-1
53013-1
L5049-1
4,0915-1
38200-1
34659-1
32338-1
13978-0
11942-0
10437-0
96036=-1
90378-1
73964-1
63211-1
57566-1
53836-1
48949-1
45732-1
16818-0
1196 3-0
13354-0
124,04-0
11741-0
97L6L-1
83941-1

47376-2
2h1l2-2
1h59-2
10705-2
86l62-3
43737-3
26094-3
19283-3
15557-3
11493-3
92706-4
112241
57741-2
34757-2
25792+2
20862-2
10591-2
63310-3
46831-3
37805-3
27950-3
22556-3
23515-1
12283-1
74501-2
55481-2
4j968-2
22949-2
13758-2
10191-2
82338-3
60939-3
49212-3
4l 335-1
23695-1
14538-1
10881-1
88Lh61-2
Lsp82-2
27375=-2

25673-1
16440 -1
11711-1
95948-2
§3271-2
52960-2
37570-2
3072l-2
26632
21774-2
18872-2
46869-1
30278-1
21663-1
17788-1
15459-1
98659-2
70123-2
57401-2
49790-2
40734-2
35323-2
78935-1
516l6-1
37206-1
30650-1
26688-1
17119-1
12202-1
10001-1
g682l=2
71107-2
61700-2
12304-0
81930-1
59589-1
49303-1
43048-1
27802-1
19891-1



Initial xHZ: 0.400 (continued)

-110-

tzO

102

Xon

!

)

Looo

L4200

57029-2
L9751-2
40995-2
35708-2
446550-1
35539-1
276L6-1
23566=-1
20948-1
14132-1
10349-1
85921-2
75185-2
6218l-2
54291-2
53609-1
L1887-1
36551-1
31784-1
28590-1
19837-1
14 740-1
12317-1
10821-1
89945-2
78766-2
55221-1
52003-1
44959-~1
110136-1
366691
26392-1
19976-1
16831-1
11862-1
12),28-1
10924-1

143906-0
144 385-0
114992-0
45379-0
21393-0
27829-0
31888-0
33932-0
35244y -0
38736-0
40796-0
41810-0
42457-0
43277-0
143800-0
14918-0
21929-0
26733-0
292l41-0
30875-0
35314-0
37977-0
39294-0
1,0138-0
411210-0
41895-0
94819-1
16251-0
21457-0
24319-0
26231-0

1571-0
34®54-0
36499-0
37557-0
38904-0
39765-0

146015-0
L63l3-0
46756-0
47019-0
29829-0
34640-0
37577-0
39038-0
39974-0
Lalh5-0
43888-0
Li587-0
45035-0
415600-0
115959-0
2ihl8-0
30141-0
33780-0
35630-0
36822-0
4,0022-0
41917-0
4284 7-0
L 3438-0
44186-0
L 662-0
19220-0
25L66-0
29696-0
31911-0
33360-0
37313-0
39694-0
1,0872-0
}1629-0
42584-0
43187-0

7672l -1
71915-1
65571-1
61368-1
18763-0
17667-0
16230-0
15273-0
14571-0
12332-0
10731-0
98557-1
92656-1
84792-1
79539-1
19345-0
19655-0
18776-0
17982-0
17338-0
15057-0
13282-0
12276-0
11585-0
10653-0
10022-0
18221-0
20353-0
20436-0
20016-0
19561-0
17551-0
15749-0
14669-0
13911-0
12866-0
12148-0

20315-2
16l332-2
12179-2
981438-3
75528-1
41738-1
26030-1
19623-1
16023-1
83231-2
50366-2
37469-2
30354 -2
225L0-2
18239-2
11693-0
67670-1

43179-1

32876-1
27003-1
14226-1
86713-2
6LT717=-2
52535-2
39106-2
31693-2
16542-0
10152-0
66750-1
51495-1
LL2626-1
22872-1
14070-1
10545-1
85818-2
64077-2
5202L-2

16333-1
14195-1
11642-1
10110-1
17806-0
12136-0
89379-1
74.383-1
65185-1
h2ou81-1
30546-1
25138-1
21879-1
17976-1
15629-1
2l236-0
17019-0
1274.0-0
10683-0
9L056-1
62017-1
4h879-1
37048~1
32305-1
26603-1
23162-1
31013-0
22577-0
17240-0
14592-0
12920-0
86L422-1
63029-1
52221-1
45642-1
37692-1
32872-1



Initial\xHZ: 0.400 (continued)

-111-

T,
k

Hy

1,0

XOZ

%

41400

4600

4800

5000

50985-1
55120-1
51369-1
L74h28-1
1h207-1
33360-1
25857-1

- 22020-1

19568-1
16491-1
14563-1
13092-1
53927-1
54835-1
52715-1
503lL-1
40257-1
32124-1
27711-1
21,817-1
21107-1
1874l -1

:33911-1

148885-1
54664 -1
55049-1
54100-1
16380-1
38343-1
33600-1
30374-1
2612l -1
23355-1
25550-1
41709-1
51310-1
54315-1
55099-1

51160-1

44089-1
39357-1
359 74-1
31350-1
28250-1

5453l -1
11181-0

16293-0
19312-0
21399-0
27475-0
31358-0

- 33338-0

34618-0
36261-0
37317-0
29033-1
72038-1
11765-0
14708-0
16833-0
23370-0
27765=0
30055-0
31553-0
33487-0
34740-0
14527-1
13399-1
80235-1
10660-0
12669-0
19298-0
21,059-0
26615-0
28307-0
30519-0
31663-0
70280-2
2 782-1
51953-1
73708-1
91337-1
15469-0
20400-0
23147-0

250000

27453-0
29076=-0

14454-0
20794 -0
25419-0
27930-0
29603-0
34278-0
37161-0
38611-0
39538-0
[0722-0
41479-0
10474-0
16469-0
212l2-0
23950-0
25795-0
31102-0
34475-0
36190-0
37300-0
38719-0
39631-0
73703-1
12661-0
173040
20080-0
22023-0
27811-0
31623-0
33597-0
34882-0
36540-0
37611-0
50639-1
94506-1
13723-0
16433-0
18390-0
2yl 7h-0
28655-0
30866-0

32322-0
'34215-0

35448-0

15954-0
19897-0
21237-0
21390-0
21261-0
19874-0
18218-0
17137-0
16348-0
15230-0
1l -0
12928-0
18135-0
20768-0
21622-0

121929-0

21532-0
20250-0
19270-0
18514-0
17395-0
16584-0
99586-1
15671-0
19374-0
2094l-0
21743-0
2262L1-0
21935-0
21165-0

20504-0

19462-0
18670-0
73928-1
12904-0
172416-0
19417-0
20689-0
22998-0
23101-0
22653-0
22162-0
21286-0
20567-0

21507-0
14143-0
96544 -1
757hh-1
63329-1
34794-1
21660-1
16321-1
13324-1
99872-2
81278-2
26054-0
18434-0
13144-0
10523-0
89056-1
50366-1
31814-1
24125-1
19772-1
1,,889-1
12151-1
29804-0
22632-0
16923-0
13866-0
11904-0
6$9710-1
4)1819-1
34257-1
28206-1
21359-1
17489-1
32658-0
26390-0
20698-0
17387-0
15166-0
92l126-1
60671-1
L6804 -1
38752-1
29538-1
2he83-1

37534-0
28l473-0
22260-0
19052-0
16986-0
11560-0
85112-1
70836-1
62078-1
51400-1
4h961-1
443332-0
3l4365-0
27597-0
23926-0
21504-0
14934-0
11118-0
93007-1
81773-1
68025-1
59601-1
14,8025-0
39809-0
32909-0
28945-0
26252-0
18658-0
14068-0
11840-0
10L448-0
87309-1
76713-1
51627-0
14116060
38008-0
33960-0
31112-0
22700-0
17368-0
14718-0
13040-0
10957-0
96587-1



Initial xH2:

0.500

-112-"

T P
Ok atm

T

xH20

x02

*ox

*H

%0

3000 10
25

50

75

100

250

500

750

1000

3200 10

3400 10

3600 10

14979-1
97067-2
69520-2
57101-2
49632-2
31680-2
22517-2
18430-2
15985-2
13077-2
11339-2
26598-1
17589-1
12726-1
10500-1
91518-2
58807-2
L19hli-2
31388-2
29857-2
2Ll 56-2
21222-2
L2218-1
28858-1
2122l -1
17638-1
15439-1
10023-1
71875-2
59071-2
513642
42149-2
36616-2
60411-1
43453-1
32769-1
27533-1
2u257-1
15991-1
11557-1
95313-2
8305)-2
68329-2
59452-2

58071-0
60300-0
61555-0
62158-0
62538-0
63527-0
64100-0
61,3820
64559-0
6L 787-0
6L932-0
52945-0
56575=0
58613-0
59589-0
60200-0
61787-0
62699-0
63143-0
634.26-0
63782-0
64008-0
16120-0
51510-0
545920
56075-0
57006<0
59419-0
60797-0
61467-0
61891-0
621,25-0
62763-0
37835-0
45158-0
49493-0
51607-0
52938-0
561,02-0
58386-0
59345-0
59952-0
60715-0
61198-0

29802-0
30610-0
31091-0
31330-0
31483-0
31893-0
32140-0
32263-0

.32343-0
324l46-0

32511-0
27972-0
29195-0
29929-0
3029L.-0
30523-0
31150-0
31525-0
31713-0
31834-0
31988-0
32088-0
256120
27351-0
28399-0
28923-0
29260-0
30170-0
30712-0
30985-0
31160-0
31385-0
31529-0
228l.0-0
25154-0
265610
27275-0
27732-0
28970
2972l -0
30097-0
30339-0
30648-0
30848-0

R
55230-1
5024 6-1
16959-1
37761-1
31958-1
28968-1
27012-1
2l 70-1
22809-1
11163-0
92741-1
79869-1
72988-1
681,02-1
55391-1
1,7062-1
42739-1
39899-1
36198-1
33772-1
1h622-0
12492-0
10917-0
10043-0
94510-1
77322-1
66065-1
60158-1
56255-1
51142-1
L7777-1
17593-0
15658-0

13974-0

12979-0
12284-0
10194-0
87777-1

80217-1

75181-1
68539-1
64140-1

61112-2
31113-2
18619-2
13778-2
111242
56209-3
33508-3
2L4752-3
1996L-3
1 70k-3
11890-3
14508-1
Th613-2
L4879-2
33285-2
26911-2
13643-2
81l 74-3
60234-3
48607-3
35919-3
28977=-3
30422-1
15908-1
96L63-2
71801-2
58176-2
2964.7-2
17752-2
13140-2
10611-2
7848)-3
63351-3
57259-1
30714-1
18860-1
14115-1
11474-1
58922-2

35419-2

26263-2
21231-2
15723-2
12702-2

20802-1
13334-1
95021-2
77882-2
67612-2
43039-2
30551-2
2Li992-2
21671-2
17722-2
15363-2
37915-1
24L98-1
17539-1
14408-1
12525-1
80022-2
5692l -2
U6616-2
youl8-2
33106-2
28715-2
63823-1
41713-1
30055-1
2L766-1
21572-1
13854-1
988138-2
81058-2
70397=2
57686-2
50072-2
9965l -1
6611 3-1
48063-1
39765-1
34725-1
2241181
16077-1
13209-1
11485-1
94255-2
81893-2



Initial x

HZ‘

0.500 (continued)

~-115-

T

P
oé atm

X

1

4.0

2

X
0,

XoH

Xy

X0

3800 10

1,000

41200

41400

77025-1
59607-1
L4661l -1
39790-1
35386-1
23848-1
17426-1
1hhl2-1
12622-1
10421-1
90873-2
87706-1

74,880-1

6156l -1
53725-1
L8L08-1
33643-1
2l962-1
20830-1
18278-1
15164-1
13261-1
89169-1
8592l-1
75332-1
67659-1
62017-1
114886-1
33985-1
28612-1
25241-1
21072-1
18497-1
81471-1
90130-1
854l2-1
79552-1
74520~1
56819-1
Uly16h-1
37614-1
33411-1
28122-1
24805-1

28776-0
37718-0
4 3344-0
46155-0
L.7948-0

52661-0

55384-0
56706-0
57539-0
58587-0
59253-0
19939-0
29636-0
36323-0
39808-0
42071-0
L18155-0
51736-0
53489-0
54596-0
55990-0
56872-0
12580-0
218417-0
29073-0
33064-0
35728-0
143129-0
47617-0
49837-0
51249-0
53034-0
54163-0
71926-1
1494 3-0
21988-0
26186-0
29097-0
37572-0
L429445-0
L1565l-0
473930
119602-0
51010-0

19711-0
22620-0
2hl21-0
25336-0
25929-0
27547-0
28533-0
29029-0
29348-0
29759-0
30022-0
16319-0
19782-0
21982-0
23112-0
23849-0
25875-0
27124-0
27758-0
28170-0
28695-0
29037-0
12976-0
16857-0
19420-0
20757-0
2i63£-0
2074 -0
25595-0
26371-0
26875-0
27527-0
27949-0
98469-1
13891-0
16734-0
18253-0
19261-0
22098-0
23892-0
211816-0
25421-0
26203-0
2671L-0

19620-0

18489-0
16989-0
15988-0
152530
12906-0
11228-0
10310-0
96914-1
88674-1
83171-1
20216-0
20566-0
19658-0
18830-0

118156-0

15766-0
13905-0
12849-0
12125-0
11147-0
10486-0
19025-0
21285-0
21392-0
20960-0
20487-0
18385-0
16495-0
15363-0
14567-0
13470-0
12717-0
16647-0
20796-0
22223-0
22395-0
22266-0
20825-0
19091-0
17956-0
17128-0
15954-0
15129-0

97155-1
54054-1
33801-1
25498-1
20824 -1
10812-1
65353-2
48579-2
39329-2
29178-2
23597-2
144956-0
87,401-1
56036-1
42743-1
35137-1
18526-1
11284-1
84165-2
68278-2
50778-2
41122-2
21020-0
13050-0
86403-1
66859-1
55435-1
29827-1
18352-1
13749-1
11183-1
83l35-2
67695-2
27187-0
18085-0
124451-0
98096-1
82223-1
45408-1
28308-1
21330-1
17410-1
13042-1
10608-1

144 75-0
98070-1
72054-1
59923-1
52499-1
34223-1
2 629-1
2028l-1
17662-1
14522-1
12632-1
19800-0
13788-0
10277-0
860l33-1
75694-1
49866-1
36102-1
29819-1
26015-1
2138-1
18676-1
25482-0
18369-0
13941-0
11768-0
10405-0
69418-1
50612-1
4194 7-1
*36672-1
303041
26L5-1
30980-0
23272-0
18061-0
15402-0
13702-0
92819-1
682L6-1
56790-1
49777-1
L1263<1
36082-1



Initial X ¢ 0.500 (continued)
"2

=11k4-

P
atm

H
2

X

H20

X0H

‘XH

X0

4800

5000

68288-1
87193-1
90285-1
8767h-1
8L1278-1
68138-1
54937-1
L7h63-1
42520-1
36149-1
32078-1
534 7h-1
78317-1
89096-1
90697-1
89802-1
78533-1
65543-1
57621-1
52159-1
41896-1
40133-1
L0174-1
66358-1
82866-1
88647-1
90630-1
86115-1
75178-1
674561
61817-1
53994-1
418690-1

38112-1
95665-1
15787-0
19850-0
22802-0
31931-0
38060-0
41231-0
143290-0
145928-0
4 7623-0
19016-1
57330-1
10705-0
15311-0
17080-0
26313-0
32977-0
3654l-0
38896-0
441948-0
143928-0
91849-2
32608-1
6895l-1
98423-1
12251-0
21023=0
27927-0
31779-0
34371-0
37788-0
40034-0

71869-1
11110-0
14109-0
15770-0
16890-0
20092-0
22149-0
23216-0
23917-0
211830-0
25428-0
50787-1
86083-1
11595-0
13332-0
14528-0
18033-0
20332-0
21538-0
22333-0
23373-0
2l057-0
3981-1
6Lh6h2-1
92681-1
11000-0
12229-0
15955-0
18471-0
19804-0
20690-0
21853-0
22623=0

13481-0

18939-0

21718-0
22627-0
22958-0
2256L-0
21226-0
20200-0
19405-0
18231-0
17379-0
10381-0
16356-0
202l 7-0
21905-0
22753-0
23706-0
22996-0
22191-0
21500-0
20L.06-0
19573-0
77048-1
13461-0
18012-0
20296-0
21637-0
24091-0
2h219-0
23755-0
23243-0
22326-0
21571-0

32798-0
23440-0
16866-0
13570-0
11522-0
65669-1
L41604h-1
31574-1
25881-1
19484 -1
15896-1
37426-0
286L6-0
21605-0
17798-0
15337-0
90711-1
58597-1
L)4860-1
36963-1
28000-1
22927-1
140952-0
33287-0
26303-0
22213-0
19451-0
11991-0
79225-1
61275-1
50799-1
3876k-1
31879-1

35894-0
28225-0
221191-0
19415-0
17401-0
12003-0
89113-1
ThU493-1
65479-1
ShL75-1
L7741-1
39866-0
32825-0
26939-0
23585-0
21322-0
15024-0
11281-0
94797-1
83597-1
69829-1
61352-1
1412910-0
36891-0
31235-0
27785-0
25370-0
18328-0
13944-0
11789-0
104 36-0
87569-1
77160-1



Initial x
H

+ 0,600

-115-

T,
%k

102

*on

X
H

%

3000

3200

3400

3600

294410-1
192hl-1
13833-1
1137h4-1
98911-2
63142-2
L8y 3-2
36681-2
31800-2
25996-2
225282
51091-1
34511-1
25210-1
20876-1
18229-1
11749-1
83833-2
68710-2
59635-2
L8814-2
12336-2
78300-1
55466-1
41545-1
34792-1
30584-1
20027-1
14400-1
11842-1
10297-1
84LB81-2
73364 -2

110688-0

80792-1
62698-1
53372-1
47387-1
31781-1
23192-1
19120-1
166791
13733-1
11950-1

T4 742-0
77851-0
79558-0
80363-0
80862-0
82132-0
828L4L-0
83186-0
83401-0
83669-0
83838-0
6768L4-0
72814-~0
75668-0
77016-0
77851-0
79971-0
81150-0
81711-0
82062-0
82500-0
82774-0
582416-0
65853-0
70221-0
72311-0
73613-0
76931-0
178775-0
79653-0
80197-0
80878-0
81302-0
147005-0
57089-0
63189-0
66178«0
68061-0
72920-0
756L9-0
76946-0
77755-0
78759-0.
79382-0

12807-0
12981-0
13118-0
13197-0
13253-0
13420-0
13535-0
13597-0
13639-0
13694-0
13731-0
12380-0
12562-0
12710-0
12802-0
12867-0
13073-0
13220-0
13302-0
13358-0
13433-0
13483-0
11876-0
12101-0
12263-0
12361-0
121433-0
12668-0
128,7-0
12947-0
13019-0
13114-0
13179-0
11262-0
11629-0
11828-0
11936-0
12011-0
12261-0
12457-0
12573-0
12654 -0
12767-0
12846-0

72907-1
59375-1
50605=-1
116027-1
113011-1
34581-1

29267-1

26531-1
24 740-1
22411
2089 -1
10293-0
85212-1
73260-1
66903-1
62677-1
50719-1
113085-1
39126-1
36528-1
33141-1
30921-1
13560-0
11520-0
10037-0
92214-1
86709-1
7082l4-1
60478-1
55059-1
51484-1
L6802-1
}3723-1
16132-0
14517-0
12898-0
11954-0
11299-0
93494-1
80394-1
73434-1
68807-1
62711-1
58682-1

85631-2
143809-2
26262
19445-2
15704-2
79355-3
14 7288-3
34920-3
28158-3

20787-3

16759-3
20107-1
10451-1
63165-2
46932-2
37980-2
19285-2
11518-2
85143-3
68694-3
50746-3
1,0927-3
414 30-1
22053-1
13496-1
10084-1
81882-2
41907-2
25126-2
18604-2
1502442
11111-2
89672-3
76162-1
41880-1
26088-1
19653-1
16037-1
83063-2
50106-2
37197-2
30087-2
222922
18008-2

13636-1
86829-2
61722-2
50548-2
4,3867-2
27919-2
19826-2
16225-2
1,073-2
1151L-2
99845-3
2522]1-1
16070-1
11430-1
93659-2
81319-2
51840-2
36862-2
30191-2
26201-2
21453-2
186142
43460-1
27746-1
19750-1
16190-1
14,062-1
89771-2
6392ly-2
52398-2
L550L-2
37288-2
32373-2
69976-1
44973-1
32072-1
26305-1
22853-1
14603-1
10408-1
85376-2
h177-2
60835-2
528[,6-2



Initial x

. 0,600 (continued)
2

-116=-

T,
Ok

P
atm

XHZ

X
H,0

x02

X0H

Xy

X0

3800

LL00O

14,200

L4 00

12959-0
10637-0
86411-1
75161-1
67623-1
L6868-1
34698-1
28903-1
25327-1
2096l -1
18300-1
1);084-0
12784-0
10989-0

98186-1

89830-1
64953-1
49197-1
41409-1
36512-1
30448-1
26698-1
13777-0
1,,053-0
12908-0
11906-0
11111-0
84538-1
65866-1
56174-1
119931-1
LhaoL3-1
37079-1
12250-0
114216-0
14091-0
13,483-0
12877-0
10399-0
83797-1
72617-1
65186-1

35115-0
47010-0
SL7L8-0
58680-0
61202-0
67852-0

71663-0
73490-0

74631-0
760490
76932-0
23922-0
36360-0
15282-0
50041-0
53170-0
61692-0
66737-0
69190-0
70733-0
72656-0
73862-0
14880-0
26390-0
35721-0
111014-0
U604 -0
54795-0
61091-0
64216-0
66201-0
A8695-0
70266-0
84218-1
17812-0
266LL-0
32051-0
3586L-0
147270-0
54711-0
58508-0
60952-0

55552-1 61,057-0

49355-1

66031-0

10369-0
1103}-0
11338-0
11477-0
11568-0
1180-0

~12049-0

12174-0
12263-0
12390-0
124479-0
91092-1
10217-0
10723-0
10935-0
11061-0
11393-0
11620-0
11753-0
11849-0
11986-0
12083-0
760L46-1
91959-1
998L47-1
10315-0
10506-0
10955-0
11216-0
11359-0
11460-0
11602-0
11705-0
59716-1
79338-1
90346-1
95181-1
98001-1
10442-0
10771-0
10935-0
11046-0
11199-0
11307-0

18458-0
17250-0
15761-0
14789-0
14083-0
11862-0
10296-0
ouL53-1
88741-1
81151-1
76095-1
19139-0
19311-0
18343-0
17509-0
168Ll4-0
14536-0
12776-0
11789-0
11115-0
10208-0
95975-1
18103-0
20105-0
20079-0
19600-0
19109-0
17020-0
15201-0
14128-0
13379-0
12353-0
11652-0
15895-0
19738-0
20970-0
21055-0
20878-0
19366-0
17657-0
16562-0
15771-0
14659-0
13884-0

12602-0
72211-1
1,6020-1
3504L-1
28787-1
15157-1
92217-2
68721-2
55711-2
11385-2
33486-2
18953-0
11420-0
h867-1
57783-1
47865-1
25742-1
15841-1
11867-1
96501-2
71951-2
58349-2
26129-0
16689-0
11310-0
88689-1
74199-1
409 34-1
25549-1
19265-1
15729-1
11785-1
95847-2
33337-0
22713-0
15990-0
12771-0
10809-0
614 32-1
38993-1
29638-1
24318-1
18330-1
14963-1

10498-0
68494-1
49096-1
40332-1
35066-1

22l 37-1
16005-1
13135-1
11417-1
93702-2
8144 0-2
14794-0
99087-1
71779-1
59184-1
51551-1
33089-1
23629-1
19403-1
16872-1
13855-1
12048-1
19508-0
13567-0
99965-1
82961-1
72508-1
46827-1
33504-1
27530-1
23947-1
19674-1
17114-1
2l126-0
17587-0
13271-0
11122-0
97735-1
63806-1
45822-1
37698-1
32812-1
26976-1
234 74-1



Initial Xy 0.60C (continued)
2

-117-

T,

P
O atm

5

2

X
H,0

X
0,

X0H

XH

X0

14600 10
25

50

75

100

250

500

750

1000

11800 10

5000 10

10082-0
13355-0
14384-0
14338-0
14050-0
12131-0
10154-0
89619-1
81371-1
70331-1
63031-1
78123-1
11746-0
1380L-0

14384-0"

14500-0
13483-0
11777-0
10610-0
97599-1
85729-1
77608-1
58352-1
98120-1
12566-0
13711-0
142, 3-0
14346-0
13126-0
12096-0
11285-0
10091-0
92378-1

L4l 321-1

11280-0
18890-0
23982-0
27743-0
397230
48054-0
524116-0
55320-0
59021-0
41)02-0
22027-1
67070-1
12A477-0
17096-0
20510-0
32362-0
111229-0
16085-0
49328-0
53573-0

56344-0

10616-1
3794l -1
81006-1
11648-0
14586-0
25576-0
34561-0
39705-0
43217-0
79090
1022-0

44588-1
65837-1
79582-1
86069-1
899413-1
98966-1
10336-0
10536-0
10665-0
10833-0
10948-0
31926-1
52375-1
67742-1
75641-1
80583-1
92552-1
98L28-1
10102-0
10258-0
10455-0
1058L-0
22150-1
110033-1
55621-1
6l 09-1
70189-1

85091-0

92789-1
96155-1

98159-1

10058-0
10208-0

12902-0
18044-0
20588-0
21377-0
21634-0
2108l-0
19713-0
18699-0
17926-0
16797-0
15985-0
99483-1
1562 -0
19263-0
20778-0
21533-0
22252-0
21418-0

20623-0

19932-0
18859-0
18054=0
73890-1
12881-0
17183-0
19314-0
20549-0
22708-0
22682-0
22164-0
21631=0
zo7og-o
19958=0

39853-0
29009-0
21289-0
17354-0
14,878-0
87432-1
56561-1
143386-1
35803-1
27177-1
22281-1
45237-0
35083-0
26892-0
22l413-0
194,90-0
11886-0
78549-1
6087h4-1
50562-1
38692-1
31882-1
449355-0
Loy77-0
32391-0
27625-0
2L 384-0
15477-0
10469-0
82054=-1
68635-1
52994-1
113910-1

28272-0
21728-0
16892-0
1lp34 3-0
12699-0
84241-1
6087h-1
5018l-1
L372)-1
35982-1
31326-1
31608-0
25604-0
20590-0
17765-0
15880-0
10763-0
78487~1
6L4922-1
56658-1
46703-1
4069L-1
3414k4-0
29032-0
2L198-0
21261-0
19221-0
13385-0

98832-1

8214 7-1
71879-1
59407-1
©1831-1



Initial xH2: 0.6667

—

-118-

o g

¥,

1,0

on

XoH

Xy

X0

3200

3400

3600

74268-1

- 56720-1

45930-1
40509-1
37026-1
27706-1
22185-1
1946L-1
17731-1
15542-1
14151-1
10618-0
82973-1
68028-1
60351-1
55362-1
41809-1
336448-1
29593-1
27000-1
23711-1
2161l -1

13960-0

11279-0
94139-1
84210-1
7764L-1
59398-1
u8147-1
L2L87-1
368847-1
34204-1
31231-1
16931-0
14334-0
122630
11095-0
10302-0
80198-1
6563, -1
58179-1

5334h-1

47132-1
143128-1

83037-0
87472-0
90050-0
91306-0
92101-0
94180-0
95382-0
95966-0
96336-0
96799-0
97093-0
73937-0
80597-0
84526-0
86456-0
87680-0
90900-0
92768-0
93680-0
944256-0
94981-0
95438-0
626.3-0
71801-0
77352-0
80112-0
81875-0
86549-0
8928l-0
906244-0
91473-0
92542-0
93219-0
119885-0
61375-0
686141-0
72328-0
74706-0
81091-0
84879-0
86745-0
87932-0

§9131-0

90383-0

24 788-1
1886l-1
15240 -1
13432-1
12269-1
91651-2

1 73306-2

62712
58536-2
51279-2
Lh6676-2
34207-1
26625-1
21782-1
19302-1
17695-1
13338-1
10724-1
94259-2
85967-2
75U462-2
68770~2
113215-1
34793-1
28980-1
25899-1
23865-1
18227-1
14761-1
13019-1
11900-1
104 7h-1
95605-2
505,45-1
112699-1
36482-1
32990-1
30619-1
23812-1
19476-1
17259-1
15821-1
13976-1
12786-1

50971-1
38859-1
314 34-1
27711-1
25320-1
18930-1
15150-1
13287-1
12102-1
10605-1
965Ll-2
77997=-1
60829-1
49819-1
Lh172-1
4,0507-1
30562-1
2L1585-1
21615-1
19717-1
17312-1
15778-1
10921-0
88085-1
73445-1
65668-1
60529-1
Lh6267-1
37486-1
33071-1
30233-1
2661l-1
2L1297-1
13855-0
11717-0
10018-0
90613-1
84117-1
65449-1
53547-1
4 7459-1
43511-1
38439-1
35171-1

13608-1
75211-2
L47857-2
36697-2

- 30384-2

16623-2
10518-2
80L38-3
66490-3
50827-3
4,2002-3
28986-1
16206-1
10376-1
79796-2
66187-2
36378-2
23076-2
17670=-2
14617-2
11184-2
92477-3
55321-1
31448-1
20316-1
15689-1
13046-1
72168-2
45945-2
35239-2
29182-2
22358-2

18502-2

95861-1
55785-1
36486-1
28336-1
236l6-1
13195-1
8L406-2

64885-2

53606-2
41295-2
34210-2

59994-2
33101-2
21041-2
16126-2
13347-2
72960- 3
46139-3
35276-3
29154-3
22280-3
184,09-3
13259-1
73982-2
47316-2
36368-2
30156=-2
16559-2
10499-2
80368-3
66469-3
50847-3
420373
26216-1
14878-1
96011-2
74108-2
61608-2
34052-2
21668-2
166162
13757-2
10538-2
87193-3
46880-1
27251-1
176812-1
13829-1
11536-1
6l 354-2
41154-2
31632-2
26228-2
20128-2
16673-2



Initisal xH :
2

0.6667

-119-

(continued)

atm

X.
H,

*H,0

XoH

Xy

X0

4000

1,200

Lloo

188L45-0
16996-0
15031-0
13808-0
12939-0
10307-0
85419-1

- T76162-1

70086-1
62203-1
57078-1
19278-0
1887L4-0
17429-0

16330-0.

15,488-0
12711-0
10703-0
96155-1

88895-1

79346-1
73065-1
18098-0
19576-~0
19074~0
18316-0
176 34-0
15014-0
12894-0
11690-0
10867-0
97678-1
90330-1
15678-0
19006-0
19753-0
19545-0
19145-0
17072-0
15020-0

13770-0

12890-0
11683-0
10860-0

36886-0
19945-0
58737-0
63334-0
63430-0
4575-0
79555-0
82032-0

83615-0
85623-0
86902-0
249L1-0
38268-0
4,8072-0
53420-0
56995-0
670l4k-0
73293-0
T6L445-0
78L473-0
81059-0
82715-0
15433-0
27575-0
37602-0
143386-0
47360-0
58939-0
661,03-0
70235-0
72722-0
75918-0
77978-0
87052-1
18516-0
27865-0
33660-0
37787-0
50395-0
58917-0
63393-0

663340

7018~
72627-0:

54103-1
L8782-1
43133-1
39617-1
37125-1
29571-1
211500-1
2184l -1
20101-1
17839-1
16368-1
52845-1
51919-1
480L0-1
45051-1
42754-1
35138-1
29610-1
26608-1
2460l -1
21968-1
20232-1
47400-1
51739-1
50668-1
48771-1
17023-1
10184 -1
34581-1
31377-1
29192-1
26253-1
211290-1
38948-1
L47961-1
5028l-1
19960-1
4911l-1
4ho3h-1
38878-1
35704-1
33458-1
30365-1
28249-1

16079-0
14499-0
12821-0
11777-0
11036-0
87908-1
728l -1
64949-1
59767-1
53043-1
486711
17055-0
16727-0
15462-0
14493-0
13751-0
11293-0

95130-1

85472-1
79027-1
70548-1
61969-1
16381-0
17800-0
17367-0
16716-0
16105-0
13738-0
11810-0
10711-0
9961k-1

89563-1

828L45-1
14523-0
17744-0
18522-0
18365-0
18031-0
16114-0
14202-0

13031-0
12205-0 -
11070-0

15197-0
91275-1
60695-1
447500-1
39822-1
221 78-1
14469-1
11156-1
92675-2
71287-2
59138-2
22174~0
13876-0
9,289-1
74521-1
62850=-1
36011-1
23366-1
18083-~1
15057-1
11615-1
96527-2
29947-0
19698-0
13749-0
11000-0
93476-1
54551-1
35747-1
27791-1
23206-1
17963-1
14960-1
37715-0
26263-0
18932-0
15376-

10291407 2239

75835-1
L45543-1
30282-1
23696-1
19865-1
11213-1
72171-2
556l2-2
Lba2h-2
35555-2
29495-2
11268-0
70636-1
48045-1
37989-1
32050-1
18376-1
11928-1
92322-2
7688L-2
59317-2
119299-2
15401-0
10177-0
71211-1
57045-1
48509-1
28361-1
18604-1
14469-1
12087-1

,93586-2

77959-2
1948L-0
13674-0
99006-1
80578-1

- 69189-1
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0,567 (continued)

T,
%k

P
atm

X
H2

XHZO

X
02

XoH

XH

X0

11600

11800

5000

10
25
50
75
100

12699-0
17352-0
19391-0
19863-0
19897-0
18687-0
16911-0
15707=-0
14822-0
13566-0
12687-0
97525-1
14973-0
18094-0
19268-0
19775-0
19747-0
18l171-0
17420-0
16592-0
15361-0
141167-0
721495-1
12357-0
16151-0
17922-0
18887-0
20191-0
19607-0
18815-0
18113-0
16998-0
16126-0

45717-1
11683-0
19657-0
2503-0
29052-0
1,12031-0
51322-0
56342-0
59685-0
6L07L-0
66955-0
2269 -1
69293-1
13145-0
17776-0
21407-0
34033-0
13722-0
14191),0-0
52812-0
57700-0
60950-0
10931-1
391L0-1
83782-1
1207L-0
15147-0
267640
36435-0
142067-0
45962-0
51237-0
54796-0

2990k -1
41838-1
L7heh-1
L890k-1
49192-1
116694 -1
112501-1
39582-1
37416-1
34316-1
32132-1
21747-1
34402-1
42391-1
L5576-1
117060-1
L771h-1
4}5005-1
112609-1
LOo685-1
37776-1
35AL3-1
15215-1
26856-1
36016-1
L40501-1
L 3045-1
L7034-1
L6222-1
Ll608-1
43093-1
140589-1
38367-1

11858-0
16396-0
18453-0
18966-0
19038-0
17975=0
16314-0
151.73-0
14330-0
13129-0
12286-0
91738-1
14297-0
17446-0
18667-0
19216-0
19336-0
18162-0
17162-0
16366-0
15174-0
14304-0
68258-1
11840-0
15675-0
17510-0
18531-0
20029-0
19566-0
18829-0
18158-0
17066-0
16223-0

Lh727-0
33066-0
2L717-0
20426-0
17704-0
10851-0
72995-1
57440-1
18320-1
37745-1
31611-1
50543-0
39610-0
30789-0
25941-0
22760=0
11138L-0
98371-1
78000-1
65927-1
51794-1
43530-1
55012-0
45L425-0
36722-0
31584-0
28079-0
18362-0
12794-0
10233-0
86955-1
68759-1
5801621

23154-0
17321-0
13040-0
10812-0
93907-1
57864-1
39036-1
30759-1
25899-1
20251-1
16971-1
26087-0
20751-0
16288-0
13790-0
12135-0
77282-1
53072-1
L2164 -1
35681-1
28073-1
23615-1
28299-0
23779-0
19472-0
16859-0
15052-0
99512-1
69756-1
55952-1
L7626-1
37740-1
31888-1



Initial x

H

: 0.750
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T,
%k

P
atm

xHZ

X.
H20

X0H

X

X0

3000

3200

3400

3600

32255-0
32608-0
32803-0
32896-0
32949-0
33087-0
33150-0
33225-0
33203-0
33192-0
33318-0
3182L-0
32263-0
32529-0
32658-0
32738-0
32941-0
33047-0
33102-0
33134-0
33181-0
33183-0
31476-0
31959-0
32258-0
32412-0
32511-0
32774-0
32921-0
32090-0
33036-0
33088-0
33130-0
31052-0
31731-0
32053-0
32212-2
32317-0
32607-0
32786-0
32873-0
32928-0
32992-0
33037-0

62879-0
64323-0
65028-0
65329-0
65535-0
$5909-0
66228=-0
66388-0
6616L-0
66260-0
646061-0
58969-0
61920-0
63365-0
63997-0
6.360-0
65241~0
65679-0
65825-0
65986-0
66135-0
66180-0
52543-0
57829-0
60508-0
$1682-0
62375-0
63997-0
6,,791-0
65150-0
65369-0
65613-0
£5719-0
14362)-0
51483-0
56073-0
58057-0
59241-0
62045-0
63432-0
640L3-0

641402-0-

64830-0
65066-0

75357-3
30863-3
15585-3
10427-3
78LL6-L
31473-4
15829-l
10556-1
78738-5
52679-5
38978-5
22222
10393-2
53536-3
36120-3
27264-3
11068-3
55728-4
37193-4
27978-L
18683-L
14,030-4
59806-2
28109-2
15103-2
103612
79001-3
32734-3
16626=3
11160-3
8l4032-1
56263-U
L2226l
1148L-1
61785-2
35639-2
25219-2
19566-2
84325-3
43591-3
29466-3
22273=3
14989=-3
11293-3

18521-1
11917-1
849 39-2
69575-2
60395-2
38335-2
27212-2
222l 7-2
19208-2
15709-2
13538-2
35931-1
23699-1
17079-1
14056-1
12227-1
781L7-2
55540-2
45411-2
39u0L-2
32223-2
27925-2
61008-1
L215-1
31037-1
25772-1
22535-1
1456, -1
10403-1
85322-2
74,088-2
60670-2
52593-2
89453-1
66316-1
50620-1
[}2688-1
37661-1
2L835-1
17905-1
14740-1
12826-1
10532-1
91480-2

28358-1
18033-1
12790-1
10458-1
90637-2
57hlil-2
10658-2
33234-2
28772-2
23,489-2
20380=-2
50182-1
31956-1
22689-1
18562-1
16095~1
10211-1
72318-2
59098-2
51204-2
41838-2
36233-2
B3066-1
52937-1
37607-1
30779-1
26696=-1
16952-1
12014-1
98196-2
85099-2
69538-2
60260-2
12984-0
82998-1
58985-1
,8280-1
41880-1
26606-1
18865-1
15423-1
13368-1
10926-1
9L4685-2

10460-2
42339-3
21274=3
14208-3
10673-3
L2755-4
2144 0-l
11296k
10693-4
71410-5
53196-5
35282-2
14617-2
74181-3
49750-3
374h32-3
15084-3
7568l -4
50L8L-L
37919-4
25301-l
18988-L
97528-2
L2287-2
21918-2
14825-2
11209-2
4563h4-3
22997-3
1538L4-3
11561-3
T7236-U4
5794LT7-L
223U6-1
10366-1
55671-2
38237-2
29168-2
12110-2
61569-3
41331-3
31120-3
208ll-3
15669-3



Initial xH :

0.750 (continued)

-122-

T,
%k

2

XHZO

X0H

Xu

X9

3800

1,000

4,200

Lheo

30083-0
31415-0
31891-0
32077-0
32188-0
32l482-0
32668-0

32764-0 -

32825-0
32903-0
32954-0
28080-0
30696-0
31635-0
31947-0
32105-0
324 34-0
32609-0
32700-0
32761-0
32839-0
32891-0
2,,868-0
29171-0
30956-0
31573-0
31878-0
3240L=0
32595-0
32680-0
32734-0
32806-0
32853-0
20789-0
2670l-0
29621-0
30737-0
31314-0
3232l-0
32622-0
32718-0
32769-0
32830-0
32870-0

332)2-0
[,3620-0
1,9888-0
52870-0
cl696-0
59132-0
61382-0
62375-0
62956 -0
63658-0
6L1066-0
22939-0
3l 352-0
112155-0
1A127-0
48649-0
55053-0
58451-0
59974-0
6088L4-0
61962-0
6260l-0
14381-0
25237-0
33776-0
38469-0
441575-0
1419928-0
54438-0
56810-0
58125-0
59697-0
$0639-0
81773-1

17170-0"

25169-0
30Ul6-0
33897-0
1,3828-0
1986l -0
52762=0

#5L519-0

56719-0
5803L-0

1724L-1
10891-1
69120-2
51153-2
1,0781-2
18721-2
99723-3
68248-3
51961-3
35241-3
26688-3
21071-1
15817-1
11213-1
87761-2
7296-2
36386-2
20289-2
14161-2
10905-2
74937-3
57192-3
21801-1
19517-1
15521-1
12903-1
11088-1
6190l -2
3663)-2
26267=2
20554=-2
14391-2
11104-2
19546-1
20891-1
18680-1
16527-1
1480L=-1
92903-2
59038-2
143806-2
35010-2
2511,0-2
19691-2

11469-0
93140-1
7L759-1
64501-1
57691-1
39266-1
28740-1
23811-1
20796-1
17147-1
14933-1
12998-0
11774-0
1006L-0
894 7l-1
§1523-1
58049-1
4 3465-1
36362-1
31939-1
26508-1
23176-1
13023-0
13345-0
12259-0
11289-0
10515-0
79214 -1
61117-1
51817-1
L5877-1
38429-1
33781-1
11847-0
13881-0
13825-0
13246-0
12654-0
10185-0
81562-1
70360-1
62950-1
53393-1
47283-1

19200-0

121409-0
88410-1
72397-1
62805-1
39902-1
28296-1
23138-1
20056-1
16395-1
14210-1
26761-0
17696-0
12703-0
10423-0
90,488-1
57523-1
L078L-1
33347-1
28906-1
23630-1
20480-1
35103-1
2loly5-1
17515-1
14444 3-0
12568-0
801L41-1
56835-1
L6l66-1
Lhoa7h-1
32920-1
28530-1
4 3429-0
31130-0
23183-0
19282-0
16855-0
10831-0
76936-1
62910-1
sh52l-1
L1i560-1
38613-1

42813-1
21519-1
12122-1
85146-2
65839-2
28213-2
14560-2
98349-3
74319-3
49973-3
37662-3
71149-1
38987-1
23211-1
16767-1
13197-1 "
59133-2
31223-2
21299-2
16186-2
10956-2
82886-3
10445-0
62503-0
39413-1
293l2-1
23556-1
11132-1
60551-2
41864-2
32071-2
21911-2
16669-2
13803-0
90248-1
60344-1
463ub5-1
37986-1
19032-1
10728-1
75452-2
58415-2
ol17-2
30978-2



Initial Xy 0,750 (continued)
2
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T,
%k

X
HZ

X
H20

X
0,

XoH

XH

X0

1600

4800

5000

16487-0
2344l -0
27513-0
29249-0
30203-0
32018-0
32579-0
32739-0
32811-0
32880-0
32915-0
12514-0
19729-0
21,710-0
27075-0
281162-0
31363-0
32382-0
32687-0
32822-0
32937-0
32985-0
92451-0
16027-0
21490-0
2l4367-0
26161-0
30282-0
31939-0
32484-0

32735-0

32955-0
33045-0

L3148-1
10928-0
18189-0
2298-0

26481-0 .

37329-0
L)y 8ly-0
h8077-0
50345-0
53153-0
54883-0
214 76-1
65186-1
12267-0
16L85-0
197L6-0
3072L-0
38648-0
1,2830-0
45542-0
18979-0
511u1-o
10358-1
36950-1
78645-1
11280-0
14092-0
2Ll67-0
32716-0
37309-0
1,0376-0
Ll 365-0
16935-0

15803-1

20055-1
20169-1
18996-1
17741-1
12545-1
86037-2
663lj2-2
5l323-2
4,0199-2
32076-2
11827-1
17537-1
19796-1
19849-1
19330-1
15416-1
11441-1
91931-2
77320-2
59205-2
1,8270-2
8l,006-2
14229-1
17926-1
19122-1
19417-1
17U476-1
14045-1
11772-1
10181-1
82862-2
67505=-2

98222-1
13195-0
14334-0
143444-0
14,086-0
12196-0
10188-0
89680-1
81210-1
69958-1
62525-1
76635-1
11717-0
13932-0
14603-0
14775-0
13851-0
12125-0
10920-0
10035-0
87966-1
79485-1
57277-1
98149-1
12756-0
140290
14648-0
14951-0
13765=0
12709-0
11865-0
10610-0
97072-1

50964-0
38435-0
294li2-0
2,786-0
21813-0
11,204-0
10131-0
82926-1
71895-1
58763-1
50917-1
57254-0

L451465-0

35980-0
30751-0
27305=-0
18128-0
13025-0
10685-0

92723-1

75840-1
65728-1
62120-0

51732-0
42359-0

36828-0
330L7-0
221486-0
16330-0
13446-0
11690-0
95767-1
83050-1

-

16832-0
11992-0
85037-1
67381
56395-1
29992-1
17563-1
12593-1
98683-2
69313-2
53620-2
19238-0
14816-0
11131-0
91005=-1
T77775-1
43927-1
26759-1
19585-1
15555-1
11114-1
86905-2
21028-0
17308-0
13737-0
11584-0
10110-0
60658-1
38451-1
28743-1
23149-1
16845-1
13329-1






APPENDIX G

THEORETICAL DETONATION VELOCITIES, PRESSURES, AND TEMPERATURES
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TABLE VI,

THEORETICAL DETONATION VELOCITIES,
PRESSURES, AND TEMPERATURES
(Based on Idealized Properties)

. PSIA FT/SEC  PSIA PSIA oK
1 0.4.000 9,186 6801 147.0 355.5 3172
2 22,36 6890 367.4 890.3 3274
3 43.89 6953 734,.8 1783 3349
4 65.15 6988 1102 2675 3392
5 86.19 7014 1470 3568 3423
6 210.8 7092 367k 8934 3518
7 4iL.8 7146 7348 17890 3586
8 617.1 7176 11020 26830 362l
9 817.9 7196 14700 35800 3650
10 1217 7224 22040 53730 3686
11 1616 722 29390 71630 3710
12 0,5000 8.71h 7573 147.0 356.5 3383
13 21,12 7688 367.4 892,8 3516
1L 41,29 7775 734.8 1789 3619
15 61,11 7825 1102 2683 3681
16 80,73 7860 11470 3581 372l
17 196,2 7967 3674 8969 3861
18 38L.7 8045 7348 17960 3963
19 570,7 8087 11020 26940 021
20 755.1 8118 14700 35950 L4063
21 1121 8160 22040 53950 4120
22 1483 8189 29390 71950 14160
23 0,6000 8,405 8498 147.0 357.3 3525
2l 20,30 8603 367.4 894.8 3685
25 39.56 8752 734.8 1793 3811
26 58,43 8817 1102 2691 3887
27 77.12 8862 1470 3590 3941
28 186.7 8999 3674 8990 1116
29 3647 9103 7348 18000 4253
30 539.9 9160 11020 27030 h332
31 713,2 9202 14700 36050 14389
32 1056 9258 22040 54110 L4469
33 1395 29390 72200 4526

9297
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T

POINT Xy, P uy P, Py T2
NO. PSIA FT/SEC PSIA PSIA K
3l 0.6667 8.292 92,17 147.0 357.4 3568
35 19.99 91,09 367.4 895.3 3736
36 38,93 953k 734.8 1793 3870
37 57.48 9607 1102 2692 3951
38 75.82 9654 1470 3592 4008
39 183,2 9816 3674 8997 L4200
Lo 357k 9933 7348 18020  L3L9
L1 528,0 10004 11020 27060 Lli39
Le 697.2 10051 14700 36090 4503
L3 1031 10118 22040 54150 ICCIN
Ll 1362 10164 29390 72260 1659
LS 0.7500 8.351 10362 17,0 357.1 3506
16 20,17 10536 367.h 89L.7 3661
L7 39.34 10666 734.8 1792 3782
L8 58,11 10743 1102 2691 3855
49 76,69 10798 1470 3589 3907
50 186,0 10959 367h 8987  LoT2
51 36,0 11072 7318 18000 L4197
52 538, 11143 11020 27010  L269
53 712,1 11190 14700 36030 L4320
5L, 1056 11252 22040 5Lo80 L4390
55 1397 11293 29390 72130 L4438
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